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[1] Vertical profiles of ozone concentration in the high latitudes were observed by the
Improved Limb Atmospheric Spectrometer (ILAS) aboard the Advanced Earth
Observing Satellite (ADEOS) from November 1996 to June 1997. The ozone data
obtained by the version 5.20 ILAS retrieval algorithm are compared with those obtained
by the version 19 Halogen Occultation Experiment (HALOE), the version 6
Stratospheric Aerosol and Gas Experiment (SAGE) II, and the version 6 Polar Ozone
and Aerosol Measurement (POAM) II retrieval algorithms. The ILAS data are also
compared with ozone data measured by ozonesondes, instruments on board balloons
or an aircraft, and ground-based instruments. The ILAS ozone data generally agree with
its correlative data between 11 and 64 km with some exceptions. Quantitatively, the
median value of the relative difference (absolute difference divided by its mean value)
for these comparisons was within ±10%. Relative differences (18%) exceeding the
combined measurement errors were found around 45–55 km altitude from comparisons
with the HALOE and SAGE II data in January 1997 in the Southern Hemisphere (SH).
Larger relative differences (around 50%) were also found below 15 km from
comparisons with the HALOE and POAM II data in November 1996 in the SH, but
these absolute differences were 0.10–0.16 ppmv as the median value. The ozone data
processed by the version 5.20 were improved compared to the former version 3.10,
which is available to the general public. The version 5.20 ozone data can be used for
scientific analysis purposes based on the accuracy of the data in comparison with these
other instruments. INDEX TERMS: 0340 Atmospheric Composition and Structure: Middle

atmosphere—composition and chemistry; 0341 Atmospheric Composition and Structure: Middle

atmosphere—constituent transport and chemistry (3334); 3360 Meteorology and Atmospheric Dynamics:
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1. Introduction

[2] It is essential to monitor and understand current trends
in the vertical distribution of ozone in order to predict its
future trends. The abundance of ozone in the upper tropo-
sphere and stratosphere plays an important role not only in
photochemical processes [e.g., WMO, 1999] but also in
radiative forcing [e.g., Shine and Forster, 1999]. The trends
for 1979–1996 have recently been assessed by an interna-
tional scientific joint project, utilizing long-term quality
controlled ozonesonde data, ground-based data, and satellite
data [WMO, 1998]. The trend in the upper stratosphere can
be interpreted as being the result of increasing anthropo-
genic chlorine emissions; photochemical model calculations
closely reproduce it [WMO, 1999]. However, understanding
the trend in the lower stratosphere is more complicated,
because the abundance of lower stratospheric ozone is
mainly dominated by transport processes [e.g., WMO,
1986]. The abundance is also dependent on the abundances
of reactive hydrogen, nitrogen, and halogen directly through
gas phase chemistry [e.g., Wennberg et al., 1994], which are
regulated through heterogeneous reactions occurring on/in
stratospheric sulfate aerosols [e.g., Hofmann and Solomon,
1989] and/or polar stratospheric clouds (PSCs) [e.g., Solo-
mon et al., 1986]. It could be also related to the degree of
stratospheric denitrification in the spring time polar vortices
[e.g., Tabazadeh et al., 2000; Waibel et al., 1999].
[3] One of the important data sources for monitoring the

trends in the vertical distribution of ozone is data from the
Stratospheric Aerosol and Gas Experiment (SAGE) I and II
measurements [e.g., Randel et al., 1999]. The SAGE instru-
ments make use of the solar occultation technique, which is
capable of relatively high vertical resolution measurements
for a satellite instrument with high accuracy and precision.
However, since SAGE I and II were put into a processing
orbit, they can not measure the vertical distribution of ozone
in the high latitudes continuously. In order to monitor the
changes in stratospheric ozone distribution in the high
latitudes, the Improved Limb Atmospheric Spectrometer
(ILAS), which also makes use of the solar occultation
technique, aboard the Advanced Earth Observing Satellite
(ADEOS) was launched from Tanegashima island, Japan
(30�N, 131�E) in August 1996. Until 30 June 1997, when
the ADEOS stopped working due to a solar paddle array
failure, about 5800 vertical profiles of ozone concentration
were successfully retrieved [Sasano et al., 1999b]. The
measurement period of ILAS filled a gap in the Polar Ozone
and Aerosol Measurement (POAM) II and III measurement
periods (October 1993 to November 1996 for POAM II and
April 1998 to the present for POAM III) [Bevilacqua, 1997;
Lucke et al., 1999]. POAM also makes use of the solar
occultation technique.
[4] The ILAS ozone data processed by the version 3.10

retrieval algorithm have been compared with version 18
Halogen Occultation Experiment (HALOE) ozone data [Lee
et al., 1999]. It was shown that the ILAS data are 13%
smaller than the HALOE data between 20 and 40 km for the
Northern Hemisphere (NH) and 20% smaller than those in
the Southern Hemisphere (SH). Comparisons with ozone-
sonde measurements at 5 stations indicate that the version
3.10 ILAS ozone data have an accuracy better than 20%
between 20 and 35 km [Sasano et al., 1999a]. Since these

validation papers, using version 3.10 products, were pub-
lished, the retrieval algorithm has been updated by intro-
ducing an altitude registration method developed by
Nakajima et al. [2002b].
[5] This paper focuses on an assessment of the quality of

the ILAS ozone data processed by the latest retrieval
algorithm, version 5.20, through comparisons with many
coincident measurements. During the ILAS measurement
period, November 1996 to June 1997, three satellite-borne
solar occultation sensors were operated: SAGE II [Mauldin
et al., 1985] and the HALOE [Russell et al., 1993] which
have been operating since 1984 and 1991, respectively, and
POAM II [Glaccum et al., 1996] which operated from 1993
to November 1996. We used these three data sets for
validating the ILAS data. In addition, data obtained by
ozonesondes launched from 13 stations in the NH and 3
stations in the SH as well as data obtained by remote
sensing or in situ sensors from balloon, aircraft, or ground
during the ADEOS/ILAS validation campaign conducted in
Kiruna, Sweden (68�N, 21�E) and Fairbanks, Alaska (65�N,
148�W) [Kanzawa et al., 1997] are also used.

2. Instrumentation and Data Sets

2.1. ILAS

[6] ILAS is a solar occultation sensor which consists of
two grating spectrometers (covering 6.21–11.77 mm with a
44-spectral element pyroelectric array detector and 0.753–
0.784 mm with a 1024-spectral element metal oxide semi-
conductor (MOS) photodiode array detector, respectively)
and a Sun edge sensor [Nakajima et al., 2002a; Sasano et
al., 1999a, 1999b]. A brief description of the ILAS charac-
teristics and the retrieval algorithm version used here are
listed in the left column of Table 1. The u3 band centered
near 9.6 mm is used for detecting ozone molecules. The
instantaneous field of view (IFOV) at tangent height (TH)
has a 1.6 km width in the vertical and a 13 km width in the
horizontal direction for the infrared (IR) spectrometer. The
partial slant path along the line of sight within a 1 km thick
layer just above the TH of 20 km is less than 230 km. With
a sampling rate of 12 Hz, a full spectrum over the 44 IR
spectral elements is acquired within 0.88 ms, i.e., one major
frame is corresponding to about 110 m at the TH of 15 km
and 270 m at the TH of 55 km, depending on atmospheric
refraction. Time series smoothing, which corresponds to
about 10 major frames, is applied in the transmittance data,
so the actual vertical resolution is 1.9 km at the TH of 15
km and 3.5 km at the TH of 55 km [Yokota et al., 2002]. For
reference, the vertical resolution is estimated to be �1, �2,
and 1–1.5 km for SAGE II, HALOE, and POAM II
instruments, respectively, as listed in Table 1. The ADEOS
satellite was put into a Sun-synchronous polar orbit. The
inclination angle of ADEOS is 98.6�, and the equator
crossing time is around 1040 local mean solar time
(descending). Therefore, the ILAS occultation event
occurred at sunrise and sunset seen from the ADEOS
satellite on each of about 14 orbits per 24 hours. The
measurement region of the ILAS is over high latitude
(57–70�N and 64–88�S), as shown in Figure 1.

[7] Vertical profiling of atmospheric constituents is per-
formed by using an ‘‘onion-peeling’’ method [Yokota et al.,
2002]. The retrieved altitude for ozone ranges from 8 km (at
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the lowest) to 70 km. A summary of error analysis for the
version 5.20 ILAS ozone data is shown in Tables 2 and 3. The
error values of the version 5.20 data are sorted into ‘‘internal’’
and ‘‘external.’’ ‘‘Internal’’ errors refer to errors calculated
from the final residuals after convergence of the nonlinear
least squares fitting for observed and simulated transmittan-
ces. ‘‘External’’ errors refer to errors associated with the
calculation of simulated transmittance through uncertainties
in the nongaseous component correction and temperature
profiles, which are used as inputs for the retrieval.
[8] The nongaseous component correction [Sasano et al.,

1999b; Yokota et al., 2002] is required in order to derive
vertical profiles of the gaseous concentration in the altitude
range where extinction due to aerosol particles (sulfate
aerosols and/or PSCs) can not be neglected. To determine
the nongaseous component in the simulated transmittance,
we first evaluate the optical depth due to the gaseous
component at the 4 spectral elements where the absorption
due to gaseous species is relatively small (so-called window
spectral element). To do so, we use profiles for ozone, HNO3,
NO2, N2O, H2O, CH4, CO2, and other minor gaseous con-
centrations (such as CFC-11) from an ILAS reference atmos-
phere model [Yokota et al., 2002]. Then, the nonaerosol (i.e.,
gaseous only) optical depth at all the other 40 spectral
elements is calculated by linear interpolation between these
4 window spectral elements. Use of data from this reference
atmosphere model would make some errors for the calcu-
lation of simulated transmittance. The magnitude of these
errors has been estimated from simulations by using 10
percentile, median, and 90 percentile in these reference data.
These errors are one of the components of the external errors.
The interpolation would also produce systematic errors for
the retrieved profiles of the gaseous concentration, but we do
not include it to the external error. We will evaluate the
corresponding uncertainty later in this subsection.
[9] Effects from uncertainties of temperature, which are

used in the calculation of simulated transmittance, are also
included (the uncertainties of ±2 K at 10 km altitude and ±5
K at 70 km altitude are assumed). A detailed description of
error analysis is given by Yokota et al. [2002]. The esti-
mated root-sum-square (RSS) total uncertainties (internal +
external errors) in ozone mixing ratio values have been
converted in percent errors by using an average ozone value

(obtained as the average of all version 5.20 ozone retriev-
als). The average error then amounts to 14, 9, 3, 3, 4, and
7% at 15, 20, 30, 40, 50, and 60 km, respectively, as listed
in Table 2. We used this total uncertainty provided in each
version 5.20 ILAS data file. In addition, the relative stand-
ard deviation (RSD) was calculated as one sigma standard
deviation (around the mean) divided by the mean value over
quiescent periods (3–5 days at the end of March 1997 in the
SH or June 1997 in the NH). This quantity includes a
measure of geophysical variability and repeatability of the
measurement. The RSD was observed to be smaller than the
RSS total error defined above [see also Yokota et al., 2002].
[10] Two points should be noted in terms of uncertainties

in the retrieved profiles. First, it is crucial whether TH is
determined accurately or not, because TH ambiguity prop-
agates directly to the uncertainty in retrieving volume
mixing ratio profiles. For the version 3.10 algorithm, a
tentative method for determining the TH was used, as
described by Sasano et al. [1999b]. For the version 5.20
algorithm, the TH was determined with a method discussed
by Nakajima et al. [2002b]. The estimated uncertainty in the
altitude registration for the tangent point is 300 ± 360 m.
For reference, the uncertainties in altitude registration are
estimated to be 250, 150, and 200 m for SAGE II, HALOE,
and POAM II instruments, respectively, as listed in Table 1.
[11] The second point is systematic errors associated with

the nongaseous component correction. To evaluate system-
atic errors caused by the simple linear interpolation between
the window spectral elements, we simulated transmittances
using several types of IR absorption spectra for sulfate
aerosols (50 and 75 wt % H2SO4/H2O binary solutions)
and PSCs (nitric acid trihydrate (NAT), supercooled ternary
solutions (STS) for four compositions, and ice) as the non-
gaseous component and the above mentioned reference
profiles (a priori profiles) as the gaseous component [Yokota
et al., 2002]. Using these simulated transmittances, retrievals
of the vertical profile of the gaseous concentration were
made after applying the linear interpolation method for the
nongaseous contribution in the version 5.20 retrieval algo-
rithm discussed here. The difference between a priori and the
retrieved ozone profiles expressed in number density were
well correlated with aerosol extinction coefficient (AEC) at
780 nm. Therefore, we can evaluate the systematic errors in

Table 1. A Summary of Each Sensor Used in This Analysis

ILASa SAGE IIb HALOEc POAM IId

Instrumentation grating spectrometer Sun photometer broadband radiometer Sun photometer
O3 detection wavelength u3 band

e 600 nm u3 band
f 601 nm

IFOV in vertical (km) 1.6 0.5 1.6 0.8
Vertical resolution (km) 2–3.5 �1 �2 1–1.5
Sampling rate (Hz) 12 64 8 18
Data grid of geometric altitude (km) 1 0.5 0.3 1
Altitude registration uncertainty (m) 300 ± 360g 250h 150i 200j

Algorithm version 5.20 6 19 6
aNakajima et al. [2002a].
bMauldin et al. [1985].
cRussell et al. [1993].
dGlaccum et al. [1996].
eThe range of the 16 grating spectrometer elements covering the O3 band is 978–1189 cm�1.
fThe range of the wideband filter covering the O3 band is 960–1080 cm�1.
gNakajima et al. [2002b].
hCunnold et al. [2000].
iBrühl et al. [1996].
jLumpe et al. [1997].
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ozone number density as a function of the AEC at 780 nm.
Assuming typical air number densities at altitudes of 15,
20, and 25 km, the errors on volume mixing ratio values
ranged from �0.06 to 0.15 ppmv for the two types of sulfate
aerosol with a value of the AEC of 5 � 10�4 km�1, as listed
in Table 3. These systematic biases for the several types of
PSCs are also listed in Table 3. A detailed description of this
error analysis is given by Yokota et al. [2002].

2.2. SAGE II, HALOE, and POAM II

[12] Table 1 also outlines the characteristics of the SAGE
II, HALOE, and POAM II instruments. In this analysis, we

used data processed by version 6, 19, and 6 retrieval
algorithms for SAGE II, HALOE, and POAM II, respec-
tively. All of the data are available for scientific use through
their World Wide Web servers. For version 6 SAGE II data,
the error for the ozone data has been significantly reduced,
reaching 2.5% accuracy [Manney et al., 2001]. For error
values of the SAGE II ozone data, we used a RSS combin-
ing this level of accuracy and the random error described in
each SAGE II data file. Estimated RSS total errors for the
version 17 HALOE ozone are 8, 12, and 30% at 1, 10, and
100 hPa, respectively, as listed by Brühl et al. [1996,
Table 1]. For error values of the version 19 HALOE ozone
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Figure 1. Latitudinal coverage of ILAS and the coincident measurements from SAGE II, HALOE,
POAM II, ozonesondes, balloon-borne, airborne, and ground-based instruments. The upper panel shows
the NH and the bottom panel shows the SH. See color version of this figure at back of this issue.
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data, we used the RSS of errors associated with the aerosol
effects, which are described in each HALOE data file, and
errors given by Brühl et al. [1996, Table 1] except for errors
associated with the aerosol effects (J. M. Russell III, private
communication, 2000). The random and systematic errors
in the version 5 POAM II retrievals are both around 5%
between 10 and 50 km [Lumpe et al., 1997]. For error
values of the version 6 POAM II ozone data, we used the
RSS of the random error described in each POAM II data
file and the systematic error of 5%. A comparative study of
ozone profiles measured by seven satellite instruments
including the version 6 SAGE II, the version 19 HALOE,
and the version 6 POAM II data was made by Manney et al.
[2001]. The results suggest that ozone data generally agree
to within �0.25 and 0.5 ppmv between each other in the
lower and upper stratosphere, respectively.

2.3. Ozonesondes

[13] Ozonesonde data that have been registered in two
databases are used here; one is the ILAS Correlative Meas-
urement Database (CMDB) at the National Institute for
Environmental Studies (NIES) and the other is the Ozone
Soundings as a tool for Detecting Ozone Change (OSDOC)
database at the Norwegian Institute for Air Research (NILU).
In the former database, data obtained mainly through the
ADEOS/ILAS validation campaign conducted in Kiruna,
Sweden (68�N, 21�E) and Fairbanks, Alaska (65�N,
148�W) have been registered [Kanzawa et al., 1997]. The
latter database is dedicated to studies such as Lagrangian
ozone loss rate calculations using the ‘‘Match’’ technique

[e.g., Schulz et al., 2000]. The data from Kiruna and Yakutsk
stations have been registered in both databases. Along with
these two databases, we used ozonesonde data from Fair-
banks, which has been registered in the POLARIS (Photo-
chemistry of Ozone Loss in the Arctic Region In Summer)
campaign database at the Earth Science Division Project
Office/NASA Ames Research Center. A summary of ozone-
sonde stations used in this analysis is shown in Table 4.
Electrochemical concentration cell (ECC) ozonesondes
[Komhyr, 1969] were used as ozone sensors for all stations,
except for Syowa where RS II-KC79D (KC) ozonesondes
with carbon and platinum electrodes were used [WMO,
1998]. The estimated precision and accuracy in the ECC
ozonesonde measurement are ±3% and ±5% in the strato-
sphere up to 10 hPa [Komhyr et al., 1995]. For altitudes
between 12 and 28 km, it is reported that the systematic
difference between different sonde types (including ECC and
KC) is within 5%, and the random variability is also smaller
than 5%, when the profiles are normalized to ground-based
total ozone measurements [WMO, 1998]. Only for the KC
sondes, we used the ozone values normalized to the colocated
Dobsonmeasurements in this study. The average and 1 sigma
standard deviation of the correction factors are 0.96 ± 0.06.

2.4. Balloon-Borne, Airborne, and Ground-Based
Instruments

[14] Data from balloon, aircraft, and ground-based instru-
ments are also used for the validation. These data have been
also registered in the ILAS-CMDB, or the Network for the
Detection of Stratospheric Change (NDSC) database.
Observation date and time, launch (or observation) site,
location (latitude and longitude), vertical resolution, and
accuracy at the TH of 20 km (if such information is
available), and principal investigators of each instrument
are listed in Table 5. Here we describe briefly the instru-
mentation of each sensor.
2.4.1. Balloon-Borne Instruments
[15] The Limb Profile Monitor of the Atmosphere

(LPMA) is a solar occultation Fourier transform infrared
(FTIR) spectrometer [Camy-Peyret et al., 1993]. The micro-
window used in this ozone retrieval is 3040.034–3040.848
cm�1. The integrated gondola was launched from Esrange
(Swedish Space Corporation sounding rocket launching
range), near Kiruna, Sweden (68�N, 21�E). The measure-
ments were made during the balloon ascent and at float
(occultation at local sunset).
[16] The Système d’Analyze par Observation Zénitale

(SAOZ)-BAL is a balloon-borne UV-visible spectrometer

Table 2. A Summary of Error Analysis for the Version 5.20

Ozone Data, Part 1

Altitude,
km

Meas. Rep.,
%

Internal,a

ppmv
External,
ppmv

Average,b

ppmv
Total RSS,c

%

9 19 0.15 0.12 0.20 98
12 11 0.09 0.07 0.46 25
15 7 0.13 0.07 1.09 14
20 3 0.22 0.14 2.91 9
25 4 0.18 0.10 4.16 5
30 2 0.14 0.03 5.06 3
35 2 0.17 <0.01 5.74 3
40 2 0.14 <0.01 5.10 3
45 2 0.10 <0.01 3.49 3
50 3 0.09 <0.01 2.35 4
55 3 0.08 <0.01 1.50 5
60 4 0.06 <0.01 0.84 7
aAverage of internal errors associated with all retrievals.
bAverage of all retrievals.
cRSS of internal and external errors divided by average.

Table 3. A Summary of Error Analysis for the Version 5.20 Ozone Data, Part 2a

Altitude, km

Systematic Bias ( ppmv)

AEC = 0.0005, km�1 AEC = 0.001, km�1

S(75)b S(50)b NAT ICE STS(5, 37)c STS(33, 15)c STS(47, 3)c STS(60, 0.5)c

15 �0.01 0.03 �0.07 0.41 <0.01 0.07 0.08 0.07
20 �0.03 0.07 �0.16 0.90 <0.01 0.16 0.17 0.14
25 �0.06 0.15 �0.35 1.99 <0.01 0.35 0.38 0.32

aSystematic biases caused by the nongaseous component correction are listed for three selected altitudes. The error values at two selected aerosol
extinction coefficients (AEC) at 780 nm are shown.

bS(75) and S(50) denote 75 and 50 wt % H2SO4/H2O binary solutions, respectively.
cSTS(5, 37), STS(33, 15), STS(47, 3), and STS(60, 0.5) denote 5, 33, 47, and 60 wt % H2SO4/37, 15, 3, and 0.5 wt % HNO3/H2O ternary solutions,

respectively.
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[Pommereau and Piquard, 1994], which makes use of the
solar occultation technique from the balloon. The measure-
ments were made during the balloon ascent and at float
(occultation at local sunset).

[17] The in situ UV absorption photometer [Proffitt and
McLaughlin, 1983] was operated together with the SLS and
FIRS-2 instruments (described below). The data was
obtained during the balloon ascent. The reported ozone

Table 4. A Summary of Ozonesonde and DIAL Measurements

Station Latitude, deg Longitude, deg Number of Pairs Principal Investigator Type

ILAS CMDB (124 Sondes, 11 Lidar)
Andoya 69.3 16.1 1 T. Deshler sonde
Fairbanks 64.9 �147.9 9 K. Shibasaki sonde
Kiruna 67.9 21.1 3 T. Deshler sonde
Kiruna 67.9 21.1 37 H. Kanzawa sonde
Kiruna 67.9 21.1 2 Y. Kondo sonde
Yakutsk 62.0 129.6 9 V. Yushkov sonde
Neumayer �70.4 �8.2 34 H. Gernandt sonde
Syowa �69.0 39.6 26 H. Kanzawa sonde
Dumont d’Urville �66.4 140.0 3 F. Goutail and

S. Godin
sonde

Dumont d’Urville �66.4 140.0 11 S. Godin DIAL

OSDOC Database (97 Sondes)
Andoya 69.3 16.1 13 B. Bojkov sonde
Gardermoen 60.1 11.0 3 B. Bojkov sonde
Jokioinen 60.8 23.5 1 E. Kyro sonde
Keflavik 64.0 �22.6 4 M. Gil sonde
Legionowo 52.4 21.0 1 Z. Litynska sonde
Lerwick 60.1 �1.2 4 M. Molyneux sonde
Orland 63.4 9.2 1 B. Bojkov sonde
Scoresbysund 70.5 �22.0 13 I. S. Mikkelsen sonde
Sodankyla 67.2 26.4 52 E. Kyro sonde
Sondrestrom 67.0 �50.6 5 I. S. Mikkelsen sonde

POLARIS Database (10 Sondes)
Fairbanks 64.9 �147.9 10 B. Johnson, H. Vömel,

and S. Oltmans
sonde

NDSC Database (21 Lidar)
Andoya 69.3 16.0 21 G. Hansen DIAL

Table 5. A Summary of Correlative Balloon, Aircraft, and Ground-Based Measurementsa

Date Time,
UT

Launch
Site

Latitude,
deg

Longitude,
deg

Distance,
km

dUT,b

hour
PI Instrument Accuracy,

%
Vertical

Resolution,
km

Reference

970129 1241 Andoya 68.7 18.6 206 1.0 J.-P. Pommereau
and F. Goutail

SAOZ 3–12 1 Pommereau and Piquard
[1994]

970228 1441 Kiruna 68.0 23.0 180 0.5
970228 1536 67.3 20.4 295 0.4
970316 0435 Andoya 68.7 27.7 493 11.8
970318 1541 Kiruna 67.4 21.1 373 1.5
970318 1653 66.8 17.4 319 0.3
970204 1442 Kiruna 67.7 10.6 227 0.4 H. Schlager UV-photometer 5 – Schlager et al. [1997]
970214 1329 Kiruna 67.6 22.1 801 0.4 K. Pfeilsticker DOAS 1 0.3 Ferlemann et al. [2000]
970226 1350 Kiruna 67.9 22.4 490 0.6 C. Camy-Peyret LPMA 7 2.5 Camy-Peyret et al. [1993]
970226a 1042 Kiruna 68.2 15.0 295 5.4 H. Kuellmann ASUR 12 5–10 de Valk et al. [1997]
970226b 1056 66.7 13.5 368 5.2
970226 2158 Kiruna 67.1 21.3 583 5.9 J.-B. Renard AMON 5 1 Renard et al. [1996]

577c 7.5c

970425 2325 Fairbanks 65.1 �147.5 279 6.8 H. Fukunishi TDLHSd 15 5 Fukunishi et al. [1990]
970507 2047 65.1 �147.5 428 9.0
970508 1644 65.1 �147.5 428 10.9
970430 1518 Fairbanks 64.8 �147.6 155 9.2 J. J. Margitan UV-photometer 5 5 me Proffitt and McLaughlin

[1983]
970430a 1940 Fairbanks 69.0 �149.0 698 10.0 B. Stachnik SLS 14–21 2–3 Stachnik et al. [1992]
970430b 2150 67.8 �162.0 543 9.5
970430a 1913 Fairbanks 68.4 �148.9 640 10.4 W. A. Traub FIRS-2 5 4 Johnson et al. [1995]
970430b 2146 67.6 �156.2 684 9.5
970508 1211 Fairbanks 68.6 �146.3 740 6.4 G. C. Toon MkIV 6 2 Toon [1991]

aMeasurement location, time, accuracy, and vertical resolution for a TH of 20 km are described, if such parameters are available.
bAbsolute time difference between ILAS and other sensor.
cThere were two coincident pairs for one AMON measurement.
dGround-based instrument.
eVertical resolution for 1 second data.
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accuracy is 5% with 1 s time resolution which corresponds
to a vertical resolution of 5 m.
[18] The Differential Optical Absorption Spectroscopy

(DOAS) instrument is a UV-visible spectrometer [Ferle-
mann et al., 2000]. The measurements were made during
the balloon ascent and at float (occultation at local sunset).
[19] The Absorption par Minoritaires Ozone et NOx

(AMON) is a stellar occultation UV-visible spectrometer
[Renard et al., 1996]. The measurements were made during
the float period of the balloon flight.
[20] The Submillimeter-wave Limb Sounder (SLS) is a

high resolution heterodyne radiometer-spectrometer that
measures atmospheric limb thermal emission spectra of
ozone at 637 GHz [Stachnik et al., 1992]. Ten limb
soundings were made when the balloon was at float
altitude. The first three soundings were made at the
gondola heading (with respect to true north) of about 3�
and the latter seven soundings were made at the gondola
heading of about �67�. Therefore, the locations of TH for
each measurement were different from each other. The
locations at the TH of 20 km for the first three soundings
and the latter seven soundings were 69�N–149�W and
68�N–162�W, respectively. The estimated error for ozone
is 4 to 10% for altitudes of 25 to 40 km, and around 20%
at 45 km.
[21] The MkIV is a solar occultation FTIR spectrometer

[Toon, 1991] that measures the entire 650–5650 cm�1

spectral region simultaneously at 0.01 cm�1 resolution.
The ozone profile used for this study was measured from
float (38 km altitude) during sunrise and is shown by Toon
et al. [1999, Figure 4]. The reported ozone was the average
of 40 different spectral intervals between 766 and 4038
cm�1, including the u3 band used by ILAS.
[22] The Far-Infrared Spectrometer (FIRS)-2 is a FTIR

spectrometer that measures atmospheric thermal emission
in the wave number range of 75–1300 cm�1 [Johnson et
al., 1995]. Ozone is retrieved from the average of retrievals
from two spectral regions: 80–130 cm�1 and 760–820
cm�1. The ozone profile used in this study is shown by
Jucks et al. [1998, Figure 1a]. Two limb soundings were
made when the balloon was at float altitude. The loca-
tions at the TH of 30 km for the first and second
soundings were 68.4�N–148.9�W and 67.6�N–156.2�W,
respectively.
2.4.2. Airborne Instruments
[23] The Airborne Submillimeter SIS Radiometer

(ASUR) is a passive submillimeter-wave heterodyne
receiver measuring thermal emission lines of stratospheric
trace gases in the 624 to 654 GHz spectral region [de Valk et
al., 1997]. The instrument was operated on board the
German research aircraft ‘‘Falcon’’ based at Kiruna airport.
The vertical resolution of the retrieved ozone profiles is 5–
10 km in the lower stratosphere and 10–20 km in the upper
stratosphere. The reported error for ozone is 12, 14, and
12% for altitudes of 20, 30, and 40 km, respectively.
[24] The in situ UV absorption photometer [Schlager et

al., 1997] was operated on board the Falcon aircraft. The
reported data were integrated over 60 s and the accuracy
was of the order of 5% for the ozone data.
2.4.3. Ground-Based Instruments
[25] The Tunable Diode Laser Heterodyne Spectrometer

(TDLHS) is a high spectral resolution infrared spectrometer

[Fukunishi et al., 1990]. The solar absorption spectra at
around 1133 cm�1 with a resolution of 0.0013 cm�1 were
observed at Poker Flat near Fairbanks. The reported accu-
racy used in this study was 15% for 5 km vertical
resolution.
[26] The Differential Absorption Lidar (DIAL) was

operated at the Antarctic station Dumont d’Urville (67�S,
140�E) [Godin et al., 2001]. It uses the two wavelengths
of 308 nm (absorbed) and 353 nm (reference). The vertical
resolution is 1.4 km at 20 km altitude and 3.0 km at 30
km altitude. The reported errors used in this study were 3
and 10% at 20 and 30 km altitudes, respectively. The
number of data used here is shown in Table 4. These
coincidence measurement pairs were found from May and
June 1997.
[27] Data from the DIAL at the Arctic Lidar Observatory

for Middle Atmosphere Research (ALOMAR) station,
Andoya, Norway (69�N, 16�E) [Hansen and Chipperfield,
1999] are also used for this validation study. These data are
archived in the NDSC database. The reported error used in
this study was 4, 2, and 5% at 20, 30, and 40 km altitudes,
respectively. The number of data used here is shown in
Table 4. These coincidence measurement pairs were found
from November 1996 and January–April 1997.

3. Criteria for Comparisons

3.1. Data Selection

[28] Recently, the ‘‘Lagrangian approach’’ is used for
searching for coincidence measurement pairs [Lu et al.,
2000; Morris et al., 2000]. Morris et al. [2000] suggested
that results obtained using this approach are equivalent to
or improve upon results obtained using a ‘‘traditional
approach.’’ Although this approach is very powerful in
order to increase the number of pairs without degradation
of the comparison result, we do not use it in this study
since we could find enough events using the traditional
approach and we performed comparisons up to 70 km
where we have no wind data for the Lagrangian approach.
For making validation studies, criteria with regard to
latitude and longitude differences with more relaxed lon-
gitude criteria are generally used. However, we did not use
the relaxed longitude criteria for the following reasons. For
comparisons in the high latitudes, data were taken inside,
at the boundary, and outside of polar vortices in winter–
spring time. Therefore, there are large inhomogeneities in
the ozone distribution. Although the stratosphere in the
summer time is less dynamically disturbed, the ozone data
at the high latitudes also show some inhomogeneity even
in the summer time [Brühl et al., 1998; Hoppel et al.,
1999; Park and Russell, 1994]. Here, we used criteria in
universal time (UTC) and space differences to be ±12
hours and 300 km, respectively, in order to extract the
coincidence pairs between ILAS and other satellite sensors
of SAGE II, HALOE, and POAM II. For searching
coincidence measurements, location and time at TH of
20 km were used as the representative location and time of
each measurement.
[29] Both ILAS and POAM II were carried on polar

orbiting satellites, each having almost the same orbital
elements, so each occultation event was occurring contin-
uously at high latitudes and coincidentally in time and
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location, as shown in Figure 1. Unfortunately, POAM II
measurement ceased on 14 November 1996, thus no
correlative data were available thereafter. Since SAGE II
and HALOE are carried on inclined-orbit satellites, the
occultation events occur globally. Therefore, coincidence
measurements of SAGE II and HALOE with ILAS were
limited in time and space as shown in Figure 1. With the
criteria defined above, 149 coincidence pairs for SAGE II
and ILAS (hereafter referred to as SAGE II–ILAS), 202
pairs for HALOE–ILAS, and 120 pairs for POAM II–
ILAS were selected in a first step. A summary of the
coincidence measurements of satellite sensors is listed in
Table 6, separately for the periods shown in the table. The
maximum time difference was 8.3 hours, which was found
from the SAGE II–ILAS pairs.
[30] For correlative ozonesonde measurements with

ILAS, we used criteria in time and space to be ±12 hours
and 500 km. The criterion in space was extended to 500
km in order to increase the number of coincidence meas-
urements. As the representative location and time of the
ozonesonde measurements, those at the measurement point
of 20 km altitude were used if such information was
available (otherwise the location of each launch site was
used). In total, 206 coincidence pairs between ILAS and
ozonesondes were selected from 13 stations in the NH and
3 stations in the SH in a first step. A summary of the
coincidence measurements of ozonesondes is listed in
Table 4.
[31] For measurements by balloon, aircraft, and ground-

based instruments, we also used criteria in time and space
to be ±12 hours and 500 km. Nevertheless, we relaxed the
criterion in space to be 1000 km for extracting data
obtained by DOAS, AMON, SLS, MkIV, and FIRS-2,
which do not fulfill the 500 km criterion, as listed in Table
5. As the representative location and time of these
measurements, those at the measurement (or tangent) point

of 20 km altitude were used if such information was
available (otherwise the locations at each launch site were
used).

3.2. Consistency of Altitude to be Compared

[32] In order to compare profiles between ILAS and
validation data, the vertical grid (or resolution) should be
consistent with each other. As listed in Table 1, THs from
satellite sensors are registered as geometric altitude with
different spacing. For the HALOE data, we first linearly
interpolated ozone partial pressures and atmospheric pres-
sures to 0.1 km altitude grid. Then these data were
averaged within each 1 km altitude bin centered at each
i km grid (i: integer), resulting in ozone mixing ratios. For
the SAGE II data, ozone mixing ratios were averaged
every 3 points centered at i km. Altitudes for ozonesondes
are registered at about 100 m intervals with geopotential
altitude, which are then converted to geometric altitudes.
Then, the ozone partial pressures and atmospheric pres-
sures were integrated within each 1 km bin centered at
each i km grid, resulting in ozone mixing ratios. For
balloon, aircraft, and ground-based instruments, the meth-
ods used to match the altitude grid and/or vertical reso-
lution are explained in section 4.3. For this comparative
study, we used data obtained between 9 and 70 km for
comparisons with satellite, balloon, aircraft, and ground-
based sensors and between 9 and 30 km for those with
ozonesondes, within the available data range.

3.3. Data Filtering

[33] In the NH, the polar vortex formed in December
1996 and remained exceptionally late; until early in May
1997 in the lower stratosphere, as seen from Northern
Hemisphere Winter Summary 1999–2000 [NOAA, 2000a,
Figure 8]. In the spring of 1996 in the SH, the polar vortex
existed until the beginning of December 1996 in the lower

Table 6. A Summary of Coincident Measurements for Each Period From November 1996 to June 1997

Period Numbera Distance,b km Time,c hour Hemisphered Occultation Modee

ILAS Validation

HALOE–ILAS (total number = 202)
19–24 November 40 172 (28) 1.8 (3.5, 0.0) SH SS SR
10–16 December 39 204 (130) 1.6 (3.5, 0.0) SH SS SS
28–31 January 17 178 (19) 4.5 (5.3, 3.8) SH SS SR
18–20 February 22 165 (64) 0.5 (1.0, 0.1) SH SS SS
24 March to 2 April 59 166 (23) 0.2 (0.5, 0.0) NH SR SS
13–14 May 12 147 (9) 6.9 (7.4, 6.5) NH SR SR
16–18 June 13 248 (197) 0.2 (0.4, 0.0) NH SR SS

SAGE II– ILAS (total number = 149)
4–24 November 74 149 (45) 1.4 (3.2, 0.0) SH SS SR, SS
8–30 January 34 213 (136) 4.0 (4.8, 3.1) SH SS SR, SS
3–4 February 20 194 (125) 0.5 (1.2, 0.0) SH SS SS
26–29 April 10 188 (125) 7.9 (8.3, 7.4) NH SR SR
28–30 May 11 220 (157) 0.2 (0.4, 0.0) NH SR SS

POAM–ILAS (total number = 120)
1–13 November 67 155 (77) 0.6 (1.0, 0.0) SH SS SS
6–13 November 53 170 (86) 0.2 (0.5, 0.0) NH SR SR
aNumbers of coincident measurement profiles for each period.
bAverage of individual distance between observed locations with a criterion of 300 km separation. Minimum distance is shown in the parentheses.
cAverage of individual time difference between observation times with a criterion of ±12 hours. Maximum and minimum time differences are shown in

the parentheses, respectively.
dSH and NH are for solar occultations occurring in the SH and the NH, respectively.
eSS and SR are for solar occultations occurring at sunset and sunrise as seen from the satellites, respectively.
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Figure 2. (a) Average profiles of ozone mixing ratios retrieved by ILAS and HALOE in the NH (left
panel). The ILAS data are plotted with 0.2 km shift for clarity. Numbers of coincidence measurement
pairs at each altitude are shown on the right-hand side of the figure. Error bars show one sigma standard
deviation of the data at each altitude. Maximum and minimum values of the data are shown as a solid line
(ILAS) and a dotted line (HALOE), respectively. The median profile of individual percentage differences,
labeled as D (see text for the definition), between ILAS and HALOE ozone mixing ratios is also shown
(right panel). Maximum and minimum values of the data are shown as dash-dotted lines. Dashed lines
symmetrical with respect to the zero line show the average of individual RSS total uncertainties, labeled
as RSS err., in ILAS and HALOE measurements (see text). (b) Same as Figure 2a, but in the SH.
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stratosphere, as seen, for example, from Southern Hemi-
sphere Winter Summary 2000 [NOAA, 2000b, Figure 12].
As suggested by Lu et al. [2000], for comparative studies,
potential vorticity (PV) analysis should be incorporated to
find better coincidence pairs in terms of meteorological
conditions during the winter periods.

[34] With this in mind, the coincidence pairs selected by
the above criteria were further screened by the following
procedure. First, PV values at each TH location and time for
ILAS and its coincidence measurements were calculated
using the United Kingdom Meteorological Office (UKMO)
assimilation data [Swinbank and O’Neill, 1994], which were
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Figure 3. (a) Same as Figure 2a, but for ILAS and SAGE II in the NH. (b) Same as Figure 2a, but for
ILAS and SAGE II in the SH.
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supplied as 24-hourly data at 12 UTC. The horizontal
resolution of the data is 2.5� in latitude and 3.75� in
longitude. The vertical resolution of the data corresponds
to the UARS standard pressure grid (Pi (hPa) = 1000.0 �
10(�i/6), i = 0, 1,. . .21). PV values and potential temperatures
were calculated at each grid point. These data were then

interpolated in time and space to each measurement (both for
ILAS and its correlative measurement) with 1 km geometric
altitude grid. We calculated relative differences defined as
2*{PV(ILAS) - PV(val)}/{PV(ILAS) + PV(val)} for each 1
km altitude grid where PV(ILAS) and PV(val) denote PV
values at the time and location of ILAS and validation
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Figure 4. (a) Same as Figure 2a, but for ILAS and POAM II in the NH. (b) Same as Figure 2a, but for
ILAS and POAM II in the SH.
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measurements. If the difference exceeds ±15% at consec-
utive altitudes for more than 3 km, the data at these altitudes
were discarded from this validation analysis. Although we
made comparisons between ILAS and several sensors pro-
viding 5 km or 11 km column (see section 4.3), there was no
PV difference exceeding 15%. Then, if the ozone value was

smaller than its measurement uncertainty (which was
described in section 2), that ozone value was also filtered
out. This data filtering suppresses comparisons at small
ozone values (a few hundred ppbv level), with large relative
errors. Finally, but only for the ozonesondes profiles, if
anomalies in ozone values were seen at any altitude (such
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Figure 5. (a) Same as Figure 2a, but for ILAS and ozonesondes in the NH. (b) Same as Figure 2a, but
for ILAS and ozonesondes in the SH.
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as sudden negative or positive dips in ozone and/or
pressure data probably due to unidentified perturbations,
or anomalous decrease in ozone data at higher altitudes
probably due to reduced pump performance or evaporation
of sensing solutions, and so on), these altitudes were also
rejected.

4. Comparisons

4.1. Satellite Sensors

4.1.1. HALOE
[35] Figures 2a and 2b show average profiles of ozone

measured by ILAS and HALOE between 9 and 70 km in the
NH and SH, respectively, together with minimum, maxi-
mum, and 1 sigma standard deviation of the data (left
panel). In the right panel, the median of individual percent-
age differences, D, between ILAS and HALOE is shown,
together with its minimum and maximum. Here, D is a
relative difference defined as:

D %ð Þ ¼ 100� 2� O3 ILASð Þf

�O3 valð Þg= O3 ILASð Þ þ O3 valð Þf g ð1Þ

where O3(ILAS) and O3(val) show ozone mixing ratios of
ILAS and validation data (from any of the correlative
sources like HALOE, SAGE II, POAM II, ozonesonde, or
balloon, aircraft, and ground-based instruments) at each
geometric altitude grid, respectively. The number N of
coincidences or measurement pairs at each altitude is shown
on the right-hand side of the figure. Two dashed lines
symmetrical with respect to the zero line show averages

of RSS of the errors in the ILAS and HALOE measurements
at each altitude, defined as:

RSS error meanð Þ ¼
XN
i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Erri ILASð Þ2þErri valð Þ2

q
=N

i ¼ 1 to Nð Þ ð2Þ
where Err(ILAS) and Err(val), respectively, show total
measurement errors of ILAS and validation data, which
were described in section 2. In the NH comparison (Figure
2a), the D values were within ±5% between 24 and 47 km,
revealing an excellent agreement. Between 12 and 23 km,
the D values exceeded 5% but were within 15% at worst,
and less than half of the RSS error. Between 48 and 58 km,
the D values again exceeded 5% but were within about
10%, which is comparable to the RSS error in this altitude
region. The absolute values of D were also smaller than 5%
between 59 and 67 km. However, above 65 km, the RSS
errors are quite large (up to 90% at 70 km altitude), so we
do not consider that region. In general, no statistically
significant bias, exceeding the RSS error, in the ILAS ozone
measurements for the NH was recognized from compari-
sons with the HALOE measurements.
[36] For the SH comparison (Figure 2b), it can be seen

that the D values increased with increasing altitude above
30 km up to around 51 km. Between 48 and 55 km, the D
values exceeded the RSS error, suggesting that some high
bias in the ILAS data exists for these altitudes when
compared with the HALOE data. Above 56 km, the D
values were generally less than the RSS error in these
altitudes, although some oscillations were seen in the D
values resulting from oscillations in the retrieved ILAS data.
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Figure 6. Same as Figure 2a, but for ILAS and several remote sensing and in situ instruments for the
period of January–March 1997 near Kiruna, Sweden, and for the period of April and May 1997 near
Fairbanks, Alaska.
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Between 15 and 47 km, the D values were within 5% and
also less than the RSS error in these altitudes. Between 9
and 14 km, the D values increased with decreasing altitude,
reaching more than 50% at the lowermost layers. It should
be noted, however, that such large D values correspond to
absolute differences ranging from 0.09 to 0.11 ppmv. It
should also be noted that the level of these absolute
differences is comparable to the level of total error of
the version 5.20 ILAS ozone in this altitude range. No
statistically significant bias in the SH ILAS ozone data was
generally recognized, except for the altitude region of 48–
55 km. We will discuss this discrepancy for this altitude
range in section 5, in terms of the time difference of the
measurements.
4.1.2. SAGE II and POAM II
[37] Similar to Figure 2, Figures 3a and 3b show average

profiles of ozone measured by ILAS and SAGE II (left
panel) and a profile of the D value (right panel) between 9
and 70 km in the NH and SH, respectively. As was seen
from the ILAS–HALOE comparisons, similar features are
evident: (1) the D values were almost within ±10% for all
altitudes in the NH comparison, except for altitudes below
16 km and above 64 km, (2) the D values increased with
increasing altitude above 30 km up to around 50 km in the
SH comparison. The D values in the SH exceeded the RSS
error above about 35 km altitude. However, these D values
were 12%, at worst, below 60 km. Except for the high
altitude region, no statistically significant bias in the ILAS

ozone measurements for both hemispheres can be recog-
nized from comparisons with the SAGE II measurements.
[38] Average profiles of ozone measured by ILAS and

POAM II and a profile of the D value between 15 and 50
km in the NH and SH are shown in Figures 4a and 4b,
respectively. For both hemispheres, the D values were
within ±10% and smaller than the RSS errors between 23
and 50 km, suggesting that no statistically significant bias in
the ILAS ozone measurements is present in this altitude
region. Below 22 km in the NH comparison, the D values
increased with decreasing altitude and reached 30% at 15
km. It corresponds to a 0.31 ppmv absolute difference.
Also, below 23 km in the SH comparison, the D value
reached 56% at 15 km. However, it corresponds to a 0.16
ppmv absolute difference.

4.2. Ozonesondes

[39] For the lower stratosphere, the ozonesonde data are
thought to be very reliable, because the sensor has a
precision of 5% and altitude is precisely determined from
in situ temperature and pressure measurements. However,
these sensors have some time constants [Komhyer et al.,
1995], so a systematic shift of ozone concentration in the
vertical could occur. Nevertheless, this type of data was
used as validation data in order to determine the accuracy
for the version 3.10 ILAS ozone data by Sasano et al.
[1999a], as well as for other satellite measurements [e.g.,
Bhatt et al., 1999; Cunnold et al., 1989; Deniel et al., 1997;
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Lu et al., 1997]. As for all satellite measurements, care
should be taken, however, because the volume of the air
mass sampled by the ozonesonde is quite different in size
from the volume sampled by ILAS. Figures 5a and 5b show
average profiles of ozone measured by ILAS and ozone-
sondes and a profile of the D value between 9 and 30 km for
the NH and SH, respectively. Between 13 and 30 km, the
ILAS and ozonesonde data agree quite well (within ±10%)
for both hemispheres.
[40] For lower altitudes, the D values increased with

decreasing altitude. This feature mimics the results from
the ILAS–other satellite comparisons mentioned above.
The D values reached about 27% at 9–10 km altitude for
both hemispheres, but were far smaller than the RSS errors
at these rather low altitudes. The difference in mixing ratio
is, however, small, ranging from 0.05 to 0.11 ppmv.

4.3. Balloon-Borne, Airborne, and Ground-Based
Instruments

[41] The altitude registration for balloon-borne sensors is
well determined by a Global Positioning System (GPS)
measurement. The airborne and ground-based measure-
ments also perform a better altitude registration compared
to the satellite measurements. Therefore, these correlative
data sources are also suitable for validating the satellite
sensor data. The ground-based instrument, TDLHS, and the
instruments on board the balloon or aircraft have rather
different vertical resolutions. Therefore, we sorted them into

two categories in terms of the vertical resolution. For the
DIAL data, comparisons will be made at the end of this
section. For instruments with a vertical resolution compa-
rable to or better than ILAS, we just compared them on a 1
km geometric height grid. The LPMA, SAOZ, AMON,
DOAS, MkIV, and JPL UV-photometer are in this category.
The JPL UV-photometer data is also processed into 1 km
geometric height grid in the same way as was done for the
ozonesonde data (see section 3.2). In total, 12 coincident
measurement pairs (see also Table 5) were selected; the
averaged profile is shown in Figure 6, in the same manner
as for previous figures. The ILAS data agree well with these
correlative measurements, with differences roughly within
±10% between 13 and 38 km. These differences are of the
same magnitude as the RSS error in this altitude range.
[42] We also used data obtained by sensors with lower

altitude resolution than ILAS, namely, FIRS-2, TDLHS, and
ASUR because we can evaluate the degree of agreement
between ILAS and the validation data for ozone partial
columns even with the sensors. The balloon-borne sensor
FIRS-2 has somewhat worse vertical resolution (4 km) than
that of ILAS. Although the SLS instrument has a 2–3 km
vertical resolution, we compare it together with the FIRS-2
instrument, because these two instruments were flown on
the same gondola and measured similar air masses. In order
to degrade the vertical resolution of ILAS, the ozone mixing
ratio data were first converted to partial pressures by using
the UKMO data. Then the data within the 5 km altitude bin
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centered at i � 5 km (i = 3 to 8) are averaged, resulting in
volume mixing ratio at every 5 km. These profiles together
with correlative FIRS-2 and SLS profiles are shown in
Figure 7. Since the vertical resolution of the SLS data at
the altitude of 45 km was more than 8 km, the ILAS data

have been converted to this resolution. The ground-based
sensor, TDLHS, and the two airborne sensors, ASUR and
DLR UV-photometer, are shown in Figures 8 and 9,
respectively, together with coincident ILAS data. Series of
6, 12, and 6 profiles were obtained by TDLHS on 25 April,
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7 May, and 8 May, respectively. The averaged values and
their one sigma standard deviations are shown for each day.
These error bars were larger than the measurement error of
15% on 7 and 8 May, because spectra obtained on these
days were affected by some instrumental noise. For com-
parisons with TDLHS and ASUR, the ILAS data were
also converted to 5 km or 11 km altitude resolution in
the same way as was done for the SLS and FIRS-2 data.
For comparison with the DLR UV-photometer data, the
DLR data obtained at pressures between 200 and 180
hPa (the duration time was about 1.6 hours) were
averaged and compared with the coincident ILAS meas-
urement at the same pressure levels. Figure 10 shows the
corresponding D values obtained from Figures 7, 8, and
9. In general, the ILAS data are in agreement with these
reduced vertical resolution remote or in situ sensors
within ±20%.
[43] Figure 11a shows average profiles of ozone meas-

ured by ILAS and the ALOMAR-DIAL at Andoya, in the
same manner as for previous figures. Similarly, a compar-
ison of ILAS with the CNRS-DIAL at Dumont d’Urville is
shown in Figure 11b. Since the DIAL data have a vertical
sampling better than 1 km, the data is also processed into 1
km geometric height grid in the same way as was done for
the ozonesonde data. From Figure 11a, it is confirmed that
the ILAS data is in good agreement with the ALOMAR-
DIAL data and is within the RSS error at all altitudes

considered here. From Figure 11b, D values around +10%
are seen between 16 and 26 km altitude, but this level of D
values is comparable to the RSS error. D values exceeding
the combined errors occurred above 27 km and sometimes
below 15 km. Since the CNRS-DIAL data obtained in the
May–June 1997 period had some instrument problems, the
DIAL data for altitudes above 30 km were not reliable
during that specific period.

4.4. Comparisons by Month

[44] In this subsection, we examined altitudinal or sea-
sonal changes in D values by comparing ILAS data with
other satellite and ozonesonde data for different months. We
computed the weighted average of D values with regard to
N over 5 or 7 points along the vertical (i.e., the average over
5 km below 50 km and over 7 km above 51 km). It is
defined as equation (3).

D weighted meanð Þ ¼
XJ
j

Dj � Nj

� �
=
XJ
j

Nj

j ¼ 1 to J ; J ¼ 5 or 7ð Þ ð3Þ

For ILAS–other satellite comparisons, results of the D
values at each layer for periods specified in Table 6 are
shown in Figure 12 as a category plot. The weighted
average of the RSS errors for each layer, as was done for

Figure 12. Mean relative differences between ILAS and the coincident data of satellite sensors for each
5 or 7 km layer. Numbers of coincident measurement profiles are also shown in each subpanel. See color
version of this figure at back of this issue.
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the D values and defined as equation (4), is also shown as
an error bar on the positive side only for better clarity.

RSS error weighted meanð Þ ¼
XJ
j

Nj RSSerrj � Nj

� �
=
XJ
j

Nj

j ¼ 1 to J ; J ¼ 5 or 7ð Þ ð4Þ

where RSSerr is the same as defined in equation (2). For
altitudes above 65 km, the errors are quite large so we do
not consider these altitudes. The number of coincident
measurement profiles specified in Table 6 is given in each
subpanel of Figure 12.
[45] Here we summarize these results for different altitude

regions separately. Below 20 km (light blue bars), especially
in the 11–15 km altitude region, large D values reaching
about 50% can be observed. However, the RSS total
uncertainty for these altitudes was comparable to the D
values, therefore we could not conclude whether any
systematic bias in the ILAS ozone data exists or not.
Regardless of the validation data, the ILAS ozone data are
in good agreement with them in the 21–30 km region (red
bars), with relative differences ranging from �5% to 12%.
Between 31 and 50 km (green bars), a statistically signifi-
cant high bias in the ILAS data was generally found from
comparisons with the HALOE and SAGE II data for
January in the SH. The bias increased with increasing
altitude, reaching 18% at the 46–50 km altitude. In the
31–50 km region, however, except for January, the D
values remained between �8 and 10%. Between 51 and
64 km (purple bars), there were several cases in which the

D values were higher than the RSS errors, with some D
values reaching 18% in these conditions. Otherwise, the D
values ranged from �8 to 15%.
[46] For ILAS–ozonesonde comparisons, the averaged D

values and RSS errors calculated by equations (3) and (4) at
the respective 5 km layers are plotted in Figure 13 for each
month and each hemisphere. As seen from the figure, there is
no altitudinal or seasonal dependence of the D values in the
NH, but higher D values reaching about 30% were seen at
the 16–20 km altitude in November and at the 11–15 km
altitude in June, both in the SH. Again, these higher D values
correspond to an absolute difference as small as 0.2 ppmv.
[47] In summary, there is no significant seasonal depend-

ence of D values in the NH for all altitude regions.
However, for the SH, there seems to be some seasonal
dependence of D values: the D values are high (30–55%)
between 11 and 20 km in November 1996 and exceed the
RSS errors between 41 and 57 km in January 1997.

5. Discussion and Summary

[48] Discrepancies between the ILAS and the correlative
profiles can be caused either by errors in the data
compared, or by real atmospheric differences between
the sampled air masses. However, if a similar discrepancy
is found from comparisons with more than two individual
data sources, there is a higher possibility that it is related
to issues in the ILAS data. Such phenomena are found
from the SH January comparisons both with the HALOE
and SAGE II data around 45–55 km altitude where D
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values (relative ILAS–other sensor differences) exceeded
the combined measurement errors, and from the SH
November comparisons both with the HALOE and POAM
II data below 15 km where D values exceeded 40% (see
Figure 12). There are several possible causes of these high
biases in the ILAS data: uncertainty in the altitude
registration, unknown instrument problems, uncertainty
in line parameters, and ambiguity in the nongaseous
correction method for the effect of aerosol extinction on
observed transmittances.
[49] In order to examine the cause of the high bias in

the ILAS data for the 45–55 km altitude, the D values
were plotted versus the time differences in Figure 14 for
ILAS–HALOE and ILAS–SAGE II at the 52 km altitude,
as a representative, at which the large D values were
found. It is apparent that the magnitude of the D values is
related to the local time (LT) difference. A similar feature
is also seen even down to 40 km (not shown). On the
other hand, although not shown in the figure, the degree
of separation in space is insensitive to the D values.
Therefore, the cause of the high bias in the ILAS data
around 45–55 km is thought to be due to something in the
ILAS data related to the LT difference. Further study is
required on this issue.
[50] For altitudes below 20 km, no distinct relation

between the D value and the local time difference is seen.
From the comparisons with data from ozonesonde and
balloon-borne, airborne, and ground-based instruments,
there are few significant D values exceeding 20% at these
altitudes. As we mentioned in section 4, the absolute
difference between the ILAS and the correlative data below
15 km is as small as 0.2 ppmv. The high bias in the ILAS

data below 15 km could be related to the altitude registra-
tion methods and/or methods used to correct aerosol extinc-
tion in the various retrieval algorithms used to process the
satellite sensor data. As an example of this type of problem,
a detailed discussion on possible differences between alti-
tude registration of POAM II and SAGE II is given by
Randall et al. [2000]. Although it is necessary to discuss
these issues in a comprehensive manner considering vali-
dation studies of the other ILAS-retrieved species [e.g.,
Kanzawa et al., 2002], such a discussion is beyond the
scope of this paper. Nevertheless, this is an important issue
to be addressed in the near future, but it is also a challenge
to retrieve such low ozone mixing ratios at these lower
altitudes from satellite. For solar occultation instruments, it
is generally difficult to assign the TH accurately, because
the Sun as seen from the satellite is significantly distorted
owing to atmospheric refraction.
[51] In summary, the relative difference in percentage (D

value) ranged from �2 to 11% for the ILAS–HALOE
comparisons, from �5 to 9% for the ILAS–SAGE II
comparisons, and from �8 to 12% for the ILAS–POAM
II comparisons between 21 and 50 km, except for the
January SH comparisons at 41–50 km. Between 51 and
64 km, the D values ranged from �8 to 10% for the ILAS–
HALOE and ILAS–SAGE II comparisons, although there
were some exceptions. The D values ranged from �11 to
10% for the ILAS–ozonesonde comparisons between 21
and 30 km. The D values were within 10% between 13 and
20 km and within 20% at 10–12 km, although they tended to
increase with decreasing altitude. The ILAS ozone data also
agreed within ±10% with data from the balloon, aircraft, and
ground-based instruments between 9 and 50 km, although

30

20

10

0

-10

D
 (

%
)

32400288002520021600180001440010800720036000

Local time difference (sec)

 ILAS:HALOE, 52 km
 ILAS:SAGE II, 52 km 
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there were some exceptions. This validation study demon-
strated that the version 5.20 ILAS ozone data is improved
upon version 3.10 ILAS ozone data, which was already
shown to be within 13–20% of the HALOE data [Lee et al.,
1999] and within 20% of the ozonesonde data [Sasano et al.,
1999a]. The overall good agreement between the ILAS and
the correlative data used here strongly suggests that the
version 5.20 ILAS ozone data can be used reliably and can
provide useful information for studies in stratospheric chem-
istry and dynamics in the high latitudes [e.g., Terao et al.,
2002]. Although the routine operation period of ILAS was
only 8 months (from November 1996 to June 1997), the
ILAS data can be used to derive the ozone trend in the high
latitude stratosphere by combining ILAS with POAM II
(from 1993 to November 1996), POAM III (from 1998), and
scheduled ILAS II (from 2002) [Sasano et al., 2001] sensors.
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Figure 1. Latitudinal coverage of ILAS and the coincident measurements from SAGE II, HALOE,
POAM II, ozonesondes, balloon-borne, airborne, and ground-based instruments. The upper panel shows
the NH and the bottom panel shows the SH.
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Figure 12. Mean relative differences between ILAS and the coincident data of satellite sensors for each
5 or 7 km layer. Numbers of coincident measurement profiles are also shown in each subpanel.
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Figure 13. Mean relative differences between ILAS and the coincident data of ozonesondes for each 5
km layer. Numbers of coincident measurement profiles are also shown in each subpanel.
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