
Validation and data characteristics of water vapor profiles observed

by the Improved Limb Atmospheric Spectrometer (ILAS)

and processed with the version 5.20 algorithm

H. Kanzawa,1 C. Schiller,2 J. Ovarlez,3 C. Camy-Peyret,4 S. Payan,4 P. Jeseck,4

H. Oelhaf,5 M. Stowasser,5 W. A. Traub,6 K. W. Jucks,6 D. G. Johnson,6,7 G. C. Toon,8

B. Sen,8 J.-F. Blavier,8 J. H. Park,9 G. E. Bodeker,10 L. L. Pan,11 T. Sugita,1

H. Nakajima,1 T. Yokota,1 M. Suzuki,1,12 M. Shiotani,13,14 and Y. Sasano1

Received 24 May 2001; revised 5 November 2001; accepted 27 November 2001; published 31 December 2002.

[1] Vertical profiles of water vapor concentration at high latitudes (57–72�N; 64–89�S)
were observed by the Improved Limb Atmospheric Spectrometer (ILAS) solar occultation
sensor aboard the Advanced Earth Observing Satellite (ADEOS). These measurements
were made continuously from November 1996 through June 1997 with some additional
periods in September to October 1996. A validation study of the water vapor data
processed with the version 5.20 ILAS retrieval algorithm is presented in this paper.
Uncertainty and general characteristics of the ILAS water vapor measurements are briefly
reviewed. Comparisons are made with data obtained by (1) the ILAS validation balloon
campaigns at Kiruna, Sweden and at Fairbanks, Alaska; (2) the aircraft measurements
under the Photochemistry of Ozone Loss in the Arctic Region in Summer (POLARIS)
campaign; and (3) available satellite measurements of the version 19 Halogen Occultation
Experiment (HALOE) and the version 6 Stratospheric Aerosol and Gas Experiment II
(SAGE II). The agreement between ILAS water vapor and all independent reliable
correlative measurements in the altitude region of 15–60 km is better than 10% for the
majority of cases and better than 20% for all comparisons, with the exception of some
isolated cases detailed in this paper. Climatological comparisons of ILAS data with Upper
Atmosphere Research Satellite (UARS) climatology and HALOE data show the overall
consistency of ILAS water vapor data considering the known features of atmospheric
circulation. The characteristics of ILAS measurements, i.e., high sampling frequency in
polar latitudes with high vertical resolution along with the good data quality, make the
ILAS water vapor data set valuable for various polar stratospheric research
applications. INDEX TERMS: 0340 Atmospheric Composition and Structure: Middle atmosphere—

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

transport and chemistry (3334); 0365 Atmospheric Composition and Structure: Troposphere—composition

and chemistry; 0368 Atmospheric Composition and Structure: Troposphere—constituent transport and

chemistry; 3334 Meteorology and Atmospheric Dynamics: Middle atmosphere dynamics (0341, 0342);
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1. Introduction

[2] There are two main sources of water vapor in the
stratosphere: (1)Water vapor is injected from the troposphere
into the stratosphere mainly through the equatorial tropo-
pause and transported upward and poleward; (2) Water vapor
is produced by oxidation of methane in the upper strato-
sphere and mesosphere. Water vapor in the stratosphere is
important directly in two aspects, i.e., radiative and chem-
ical. Radiatively, water vapor is the most important green-
house gas [e.g., Harries, 1996] while chemically, water
vapor is strongly related to ozone chemistry through HOx
chemistry and through its role as a source of PSCs (Polar
Stratospheric Clouds) [e.g., Solomon, 1999]. Water vapor is
also important indirectly as a driver of dynamical motion in
the stratosphere, which is basically induced by radiative
heating/cooling determined from the distribution of water
vapor as well as ozone and carbon dioxide [e.g., Andrews et
al., 1987]. The distribution of water vapor in the stratosphere
is determined by the interaction of radiation, chemistry, and
dynamics. The phase of stratospheric water vapor can be
liquid or solid depending on whether it is incorporated into
aerosols or various types of PSC. Water vapor is transported
downward in the stratospheric polar vortex which forms in
the winter season.
[3] Water vapor is considered as a long-lived tracer and

analysis of its distribution therefore provides insights into
stratospheric dynamics and transport. An example is to give
a view of the atmospheric ‘‘tape recorder’’, i.e., water vapor
is used as a tracer for estimating vertical velocities in the
equatorial lower stratosphere [e.g., Mote et al., 1996].
Some data indicated that water vapor has increased since
the 1980s up to now in the stratosphere [e.g., Oltmans and
Hofmann, 1995; Oltmans et al., 2000; Rosenlof et al.,
2001]. In view of the significance of water vapor in the
upper troposphere and stratosphere, the WCRP-SPARC
(Stratospheric Processes and their Role in Climate) project
carried out the Water Vapour Assessment (WAVAS) [Kley
et al., 2000].
[4] Satellite measurements of water vapor are very

useful for investigating water vapor behavior in the strato-
sphere. The first instrument that produced a global distri-
bution of water vapor in the stratosphere was the LIMS
(Limb Infrared Monitor of the Stratosphere) on board the
Nimbus 7 satellite [e.g., Gille and Russell, 1984; Jones et
al., 1986]. SAGE (Stratospheric Aerosol and Gas Experi-
ment) II succeeded LIMS for conducting water vapor
measurements [e.g., Rind et al., 1993; McCormick et al.,
1993; Chiou et al., 1997]. HALOE (Halogen Occultation
Experiment) and MLS (Microwave Limb Sounder) on
board UARS (Upper Atmosphere Research Satellite) pro-
vide data sets of water vapor as well as other species [e.g.,
Harries et al., 1996; Lahoz et al., 1996]. We use SAGE II,
HALOE, and MLS data for comparison in this paper.
POAM (Polar Ozone and Aerosol Measurement) III is
the latest instrument to measure water vapor [e.g., Lucke
et al., 1999]. All these satellite data are used in the
WAVAS report [Kley et al., 2000].
[5] The ILAS (Improved Limb Atmospheric Spectrome-

ter) solar occultation instrument was developed by the
Environment Agency (EA) of Japan (recently reorganized
as the Ministry of the Environment (MOE)), and it was

operated on board the Advanced Earth Observing Satellite
(ADEOS) spacecraft of the National Space Development
Agency (NASDA) of Japan [e.g., Sasano et al., 1999a].
ILAS measured water vapor (H2O) as well as other species
of ozone (O3), nitric acid (HNO3), nitrogen dioxide (NO2),
nitrous oxide (N2O), methane (CH4), and aerosols. ILAS
operated continuously from November 1996 to June 1997
with some additional periods in September and October
1996. ILAS version 4.20 H2O data are included in the
WAVAS report [Kley et al., 2000].
[6] The validation analyses of ILAS O3, HNO3, and

aerosol extinction coefficient at 780 nm gave good results
for version 3.10 of the data processing algorithm [Sasano et
al., 1999b; Lee et al., 1999; Koike et al., 2000; Burton et al.,
1999; Hayashida et al., 2000]. ILAS version 3.10 H2O
compared well with validation balloon data in the ILAS
validation balloon campaign [Sasano et al., 1999c], but had
some shortcomings such as unreasonable oscillation with
altitude above about 30 km. Moreover, the version 3.10
algorithm provided values larger than anticipated for N2O
and CH4 in the lower stratosphere. Since there are some
overlaps in ILAS infrared spectral measurements among
H2O, N2O, and CH4, the final retrieval results might
interfere with each other.
[7] This paper is devoted to validating ILAS version 5.20

water vapor (H2O) profiles, and to describing their data
characteristics on the basis of various validation measure-
ments of balloons, aircraft, and satellites. Using the ILAS
version 5.20 water vapor data, Pan et al. [2002] discuss the
variability of polar stratospheric water vapor and make
climatological comparison of ILAS with the UARS (Upper
Atmosphere Research Satellite) Reference Atmosphere cli-
matology as a function of Ertel’s potential vorticity (PV)-
based equivalent latitude and potential temperature. As for
other ILAS version 5.20 products, validation of long-lived
tracers of nitrous oxide (N2O) and methane (CH4) is
described in a companion paper H. Kanawa et al., Vali-
dation and data characteristics of nitrous oxide and methane
profiles observed by the Improved Limb Atmospheric
Spectrometer (ILAS) and processed with the version 5.20
algorithm, submitted to Journal of Geophysical Research,
2002. Other companion papers by Sugita et al. [2002], Irie
et al. [2002], and Saitoh et al. [2002] discuss results of
validation analyses of ozone (O3), of nitrogen dioxide
(NO2) and nitric acid (HNO3), and of aerosol extinction
coefficient, respectively.
[8] Section 2 presents a brief summary of the ILAS

measurements, the version 5.20 data processing algorithm,
and error budget results, further details of which are
described by Yokota et al. [2002] and Nakajima et al.
[2002b]. Section 3 describes the overall ILAS data char-
acteristics of water vapor. Section 4 describes the methods
used for validation of ILAS water vapor. Section 5
presents validation analyses using balloonborne measure-
ment data in the Arctic. Section 6 presents validation
analyses using aircraft data of POLARIS in the Arctic.
Section 7 compares ILAS water vapor profiles in the
Arctic and the Antarctic with other coincident satellite
measurements of HALOE and SAGE II, both of which use
the same principle of solar occultation as ILAS. Section 8
compares the variability of monthly means of ILAS with
that of the UARS Reference Atmosphere climatology and
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HALOE. Section 9 summarizes the comparisons, and
draws some conclusions.

2. Brief Summary of ILAS Measurement, Data
Processing Algorithm, and Error Budget

[9] An overview of the ILAS measurements is given, e.g.,
by Sasano et al. [1999a]. A brief description of the ILAS
instrument is given by Suzuki et al. [1995], and its detailed
characteristics and performance are given by Nakajima et
al. [2002a]. A concept of the algorithm to derive water
vapor and other species concentrations from the ILAS
infrared spectrometer measurements is shown in Yokota et
al. [1998]. In this paper, the most recent complete release of
data products, those processed by the version 5.20 algo-
rithm, is used. A detailed description of the version 5.20
data processing algorithm is given by Yokota et al. [2002],
and a description of the tangent height determination
method is given by Nakajima et al. [2002b]. The opera-
tional data processing is carried out at ILAS DHF (Data
Handling Facility) at NIES in Japan [e.g., Kanzawa, 1996].
Version 4.20 H2O (released in July 1999) is also referred to
because it was used in the SPARC/WAVAS report. Version
3.10 H2O (released in November 1997) is also referred to
because it was used in a simple comparison with validation
measurements by Sasano et al. [1999c]. In this section, the
ILAS measurement characteristics are briefly reviewed for
the present purpose of H2O validation.
[10] 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. The absorption around 6.5 mm is
used for detecting water vapor molecules. The absorption
line parameters used for the retrieval are from HITRAN96
[Rothman et al., 1998]. The ILAS water vapor measurement
is not expected to suffer strong interference from other gases
although there are slight influences from CH4 and N2O. The
O2 collision-induced absorption around 6.4 mm also affects
ILAS H2O as discussed in Yokota et al. [2002].
[11] At the tangent point, the instantaneous field of view

(IFOV) for the infrared (IR) spectrometer is 1.6 km high and
13 km wide. The partial slant path along the line of sight
within a 1-km thick layer just above the tangent height (TH)
of 20 km is approximately 230 km. With a sampling rate of
12 Hz, a full spectrum over the 44 IR spectral elements is
acquired every 83 m s. The tangent height (TH) interval is
about 110 m at a TH of 15 km and 270 m at a TH of 55 km
when atmospheric refraction effects are taken into account.
Time series smoothing, which corresponds to about 10
samplings, is applied in the transmittance data, so the actual
vertical resolution is 1.9 km at a TH of 15 km, 2.5 km at 25
km, 3.0 km at 35 km, 3.4 km at 45 km, and 3.5 km at and
above 55 km [Yokota et al., 2002]. For reference, the vertical
resolution of SAGE II and HALOE is estimated to be�1 km
and�2 km, respectively. The ADEOS satellite was put into a
Sun-synchronous polar orbit with an inclination angle of
98.6�, and with an equator crossing (descending) time of
around 10:40 local mean solar time. Therefore the ILAS
occultation events occur at sunrise and sunset seen from the
ADEOS satellite on each of about 14 orbits per day. The

measurement region of ILAS is over high latitudes (57–
72�N and 64–89�S), as shown in Figure 1.
[12] Vertical profiling of atmospheric constituents is per-

formed by using an onion-peeling retrieval method [Yokota
et al., 2002]. The retrieval altitude for water vapor ranges
from 8 km (at the lowest) to 70 km as shown in Figures 1
and 2. The retrieval altitude grid interval is 1 km in
geometric altitude. The unphysical oscillation in the vertical
H2O profiles has been improved in the version 5.20 data by
applying a low-pass filter to suppress noise in processing
level 0 data (original measurement) to level 1 data (pseudo-
transmittance for detector elements). No artificial smoothing
to the level 2 products (geophysical parameters such as
water vapor) is applied.
[13] A summary of the error analyses for the version 5.20

ILAS water vapor data is shown in Table 1 (for details, see
also Yokota et al. [2002]). The errors associated with the
version 5.20 data are separated into two categories: internal
and external. The internal errors refer to errors calculated
from the final residuals after convergence of the nonlinear
least squares fitting of the observed and simulated trans-
mittances. The external errors refer to errors associated with
the calculation of the simulated transmittance through
uncertainties in the nongaseous component correction and
temperature profiles, which are used as inputs to the
retrieval. Note that the internal error includes terms affect-
ing both precision (random error) and accuracy (systematic
error plus random error), as does the external error. The total
error is defined as the root-sum-square (RSS) of the internal
and external errors. The total error and internal error are
provided in each version 5.20 ILAS data file.
[14] The methods for deriving the external errors are

described below. The nongaseous component correction
[Sasano et al., 1999a; 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 Polar Stratospheric Clouds (PSCs),
cannot be neglected. To determine the nongaseous contribu-
tion in the simulated transmittance, we first evaluate the
extinction coefficient profiles due to the gaseous components
at the 4 spectral elements where the absorption due to
gaseous species is relatively small (so-called ‘‘window
spectral element’’). To evaluate the gaseous contribution,
we use profiles of O3, HNO3, NO2, N2O, CH4, H2O, CO2,
and other minor gaseous concentrations (such as CFC-11)
from an ILAS reference atmosphere model [Yokota et al.,
2002]. Then, the nongaseous contribution is calculated by
subtracting the gaseous one from the total extinction coef-
ficient measured at each window element, and then they are
linearly interpolated and extrapolated with wave number to
give the nongaseous transmittance at all the other 40 spectral
elements. The 44 spectral element transmittance data thus
estimated are used to correct for the nongaseous contribution
when deriving gas profiles. Use of data from the reference
atmosphere model would induce some errors in the calcu-
lation of the simulated transmittance. The magnitude of these
errors were estimated from simulations for suitably selected
32 sample measurements by employing profiles of 10 per-
centile, median, and 90 percentile values 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,
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but we do not include it to the external error. We will evaluate
the corresponding uncertainty later in this section.
[15] Effects from uncertainties in temperature, which are

used in the calculation of simulated transmittance, are also
included. These effects are evaluated imposing the uncer-
tainties of ±2 K at 10 km altitude, ±5 K at 70 km altitude,

and linear interpolation between these altitudes on a suitable
model of temperature and gas profiles. The magnitudes of
the external errors, defined as the root-sum-square (RSS) of
these two errors due to the nongaseous component correc-
tion and the temperature profiles, were evaluated in advance
to the routine data processing. The magnitudes of the

Figure 1. Time-altitude section of ILAS version 5.20 water vapor data from September 1996 to June
1997 using all available data in order of measurement time: Northern Hemisphere by sunrise (SR)
occultation measurement (top panel) and Southern Hemisphere by sunset (SS) occultation measurement
(bottom panel). Temporal changes of ILAS latitude coverage are also shown for each panel.
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external errors at each altitude were thus evaluated not for
each measurement, but used in common for all water vapor
data. A detailed description of the external error analysis is
given by Yokota et al. [2002].
[16] In addition, the relative standard deviation (RSD)

was calculated as the 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, RSD, includes a measure of
geophysical variability and repeatability of the measure-
ment. Since there was little geophysical variability in the
quiescent periods, RSD is nearly equal to repeatability. RSD

is thus considered as empirically determined precision
because repeatability is a good measure of precision.
[17] Table 1 gives an overview of the errors. Using all

version 5.20 water vapor data, we estimated average total
errors (ppmv) in water vapor mixing ratio, and converted
them into average percentage errors as detailed in the
caption of Table 1. The average percentage error is 10%,
8%, 10%, 19%, 27%, and 39% at 15 km, 20 km, 30 km, 40
km, 50 km, and 60 km, respectively, as listed in Table 1.
The relative standard deviation (RSD), a measure of pre-
cision, is 3%, 1%, 2%, 3%, 6%, and 12% at 15 km, 20 km,
30 km, 40 km, 50 km, and 60 km, respectively, as also listed

Figure 2. Vertical profiles of all available ILAS version 5.20 water vapor data for the Northern
Hemisphere (a), and the Southern Hemisphere (b). Data are categorized into inside (green), boundary
(red), and outside (dark blue) of the polar vortex.
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in Table 1. The precision of ILAS water vapor measure-
ments is excellent (less than 5%) below 45 km.
[18] Two points should be noted in terms of uncertainties

in the retrieved profiles. First, accurate determination of the
tangent height (TH) is crucial because TH ambiguity
propagates to the uncertainty in retrieving volume mixing
ratio profiles through the air density. The major difference
between version 3.10, version 4.20, and version 5.20
profiles is due to how the Sun edge sensor measurements
of ILAS have been used to determine TH: Version 3.10 did
not use the Sun edge sensor measurements but relied on
comparisons of measurements of the O2 A-band (P-branch)
transmittance in the ILAS visible channel with simulations
based on UKMO (United Kingdom Meteorological Office)
assimilated temperature and pressure data [Swinbank and
O’Neill, 1994]. Version 4.20 used only the Sun edge sensor
data. Version 5.20 uses both the Sun edge sensor data and
the O2 A-band data as described by Nakajima et al. [2002b].
The estimated systematic error in the altitude registration for
the tangent point for version 5.20 is +300 ± 360 m: The
errors of �60 m, +300 m, and +660 m as compared to the
real TH correspond to errors of about +1%, �4%, and �9%,
respectively, in volume mixing ratio of retrieved species
including water vapor (Note that the estimated random error
is 30 m). The TH error analyses are detailed also by
Nakajima et al. [2002b]. For reference, the uncertainties
in the altitude registration for SAGE II and HALOE are
estimated to be 250 m and 150 m, respectively.
[19] The second point is systematic errors associated with

the nongaseous component correction in the external error.
To evaluate systematic errors caused by the simple linear
interpolation between the window spectral elements, we
simulated transmittances using several types of IR absorp-
tion spectra for sulfate aerosols of 50 and 75 wt% H2SO4/
H2O binary solutions and PSCs of nitric acid trihydrate
(NAT), ice (ICE), and supercooled ternary solutions (STS)
for four compositions as the nongaseous component and the
reference profiles (a priori profiles) mentioned above 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 algorithm discussed here. The
differences between a priori and retrieved water vapor
profiles expressed in number density were well correlated
with aerosol extinction coefficient (AEC) at 780 nm. There-
fore the systematic errors in water vapor number density can
be evaluated as a function of the AEC at 780 nm. Assuming
typical air densities at altitudes of 15, 20, and 25 km, the
errors in volume mixing ratios of water vapor ranged from
�0.02 to �0.10 ppmv for the two types of sulfate aerosol
with a value of the AEC of 5 � 10�4 km�1, as listed in
Table 2. These systematic biases for the several types of
PSCs with a value of the AEC of 1 � 10�3 km�1 are also
listed in Table 2. A detailed description of this error analysis
is given by Yokota et al. [2002].

3. General Characteristics of ILAS Version 5.20
Water Vapor

[20] The internal consistency and general characteristics
of the ILAS version 5.20 H2O data are discussed in this
section.
[21] Figure 1 shows time-altitude sections of H2O using

all available data in order of measurement time. The upper
panel shows the section of the Northern Hemisphere (NH)
sampled by the ILAS sunrise (SR) occultations with time
variation of observation latitudes while the lower panel
shows that of the Southern Hemisphere (SH) sampled by
the ILAS sunset (SS) occultations. Continuous measure-
ments from 30 October 1996 to 29 June 1997 are plotted
as well as some test measurements on 17 and 18 of
September and on 14, 16, 17, and 18 of October in
1996. The missing data on 25–26 November 1996 illus-
trated in white in Figure 1 result from the large number of
sunspots during this period which make gas retrievals
impossible. At the lowest altitude levels, the sunset occul-
tation measurements in the SH extended a few km lower in
altitude than the sunrise measurements in the NH because
the Sun tracking for ILAS is easier at these lowest altitudes

Table 1. Summary of Error Analysis for the ILAS Version 5.20 Water Vapor Data: Total Errors and Repeatability

Altitude,
km

Average vmr,a

ppmv
Internal Error,b

ppmv
External Error,c

ppmv
Total Error,d

ppmv RSD,e %
RSD,e

ppmv
RSD,e

ppmv

60 6.4 2.5 0.05 2.5 39 12 0.77
55 7.3 2.5 0.05 2.5 34 9 0.66
50 7.2 1.9 0.03 1.9 27 6 0.43
45 6.9 1.4 0.03 1.5 21 4 0.28
40 7.0 1.3 0.05 1.3 19 3 0.21
35 6.9 1.1 0.05 1.1 16 2 0.14
30 5.9 0.5 0.2 0.59 10 2 0.12
25 5.4 0.3 0.3 0.43 8 1 0.05
20 4.7 0.3 0.2 0.38 8 1 0.05
15 3.5 0.3 0.2 0.35 10 3 0.11
12 3.4 0.3 0.6 0.65 19 3 0.10
9 26.2 2.0 3.8 4.2 16 2 0.79

aAverage volume mixing ratios (vmr) of all water vapor retrievals.
bAverage of internal errors for all water vapor retrievals.
cExternal error, which is given in common for all water vapor data.
dTotal error: RSS (root-sum-square) of internal and external errors (in ppmv) and its relative value (%). The latter is given by

dividing the RSS by the average mixing ratio in the second column.
eRelative standard deviation (RSD in %), which is a measure of repeatability of the measurement, i.e. empirically determined

precision (see text). For reference, the corresponding mixing ratio of RSD (in ppmv) is given by multiplying RSD (%) by the
average volume mixing ratio in the second column.
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in the sunset mode. Figure 1 indicates that the quality of
the ILAS version 5.20 H2O data is good in the following
respects: (1) The value of mixing ratio, ranging from 3 to
8 ppmv, is reasonable within the uncertainties given in
Tables 1 and 2 in section 2 (about 7 ppmv should be
maximum); (2) The general feature of higher mixing ratios
at higher altitudes is consistent with the production of
water vapor from methane oxidation in the upper strato-
sphere and above; (3) Overall data look continuous in time
and altitude with few abnormalities; (4) Typical features
such as subsidence in the polar winter and dehydration in
the Antarctic lower stratosphere are clearly visible. Figure 1
also indicates some poor quality data: (1) Data above
about 55–60 km show unreasonable oscillation in altitude,
most likely because any further smoothing is applied to
this altitude region in spite of the low signal-to-noise ratio
there; (2) Data at the lowest levels below around 12 km
show little time variation; (3) Large values exceeding the
anticipated maximum mixing ratio value of about 7 ppmv
are sometimes seen especially in the SH. Poor quality data,
especially the data above 55 km, should not be used for
scientific analyses.
[22] Figure 2 shows vertical profiles of all available H2O

data for the NH (a) and the SH (b). The data are
categorized as inside (green), boundary (red), and outside
(dark blue) of the polar vortex on the basis of Ertel’s
potential vorticity (PV) gradient as a function of PV-based
equivalent latitude [Nash et al., 1996]. PV is calculated
using the UKMO assimilation data [Swinbank and O’Neill,
1994], which were supplied as 24-hourly data at 12 UTC
with resolutions of 2.5� in latitude and 3.75� in longitude,
and at the UARS standard 22 pressure levels in the vertical
from 1000 to 0.316 hPa (�55 km) with a corresponding
altitude resolution of about 2.5 km. For time periods and
altitude ranges when the boundary of the polar vortex is not
defined, the data are labeled as outside. In Figure 2, the
outside data are plotted first, the boundary data second, and
the inside data last: The inside data are thus most prom-
inent in the figure.
[23] In the NH (Figure 2a), higher mixing ratios of water

vapor are observed inside the polar vortex compared to
those outside the vortex. This feature is consistent with our
anticipation that water vapor is produced by oxidation of
methane in the upper stratosphere and mesosphere and
transported downward inside the polar vortex. In the SH
(Figure 2b), the dehydration signal below about 27 km in
the lower stratosphere from October to December 1996

masks this dynamical feature. Figures 2a and 2b show large
values in the lowermost stratosphere around 10 km, minima
around 13–15 km altitude, and a gradual increase up to
around 40 km in both the Arctic and Antarctic. Above 40
km in the Arctic there is an overall decrease in water vapor
mixing ratio with increasing altitude (Figure 2a) while in
the Antarctic the opposite is true (Figure 2b). Further-
more, above 40 km in the Antarctic, there are many
anomalous measurements of H2O exceeding 10 ppmv.
The unreasonable oscillation in mixing ratio with altitude
above about 55–60 km shown in Figure 1 is reflected in
Figure 2. The similar plots for each month (not shown)
exhibit the following features: In general, the Arctic
summer (June 1997) is similar to the Antarctic summer
(December 1996), and the Arctic winter (December 1996)
is similar to the Antarctic winter (June 1997). In other
words, the profiles are symmetric in both polar regions
with regard to season (with the exception of the dehydra-
tion signal in the Antarctic). The summer minimum feature
around 15 km in the Antarctic is more prominent than that
in the Arctic. The unreasonably high mixing ratios of over
10 ppmv (8 ppmv) above about 50 km (40 km) in the
Antarctic are found prominently from February to April
1997. Most of the data in the Arctic are less than 8 ppmv
except for high values due to the vertical oscillation above
about 55 km.

4. Validation Experiments and Analysis Methods

[24] This section describes the methods used for valida-
tion of ILAS water vapor measurements using coincident
validation measurements from other sources. The ILAS
project organized a number of validation experiments
[Kanzawa et al., 1995; Kanzawa, 1997], including a balloon
campaign at Esrange, near Kiruna, Sweden during the
period from February to March 1997, which was the main
field experiment [Kanzawa et al., 1997]. A number of
vertical profiles of water vapor as well as other gaseous
species were obtained during that campaign. Another bal-
loon campaign was carried out at Fort Wainright, near
Fairbanks, Alaska [e.g., Toon et al., 2002; Jucks et al.,
2002] in April–May 1997 and gave two reliable profiles of
water vapor. ER-2 aircraft measurements of the POLARIS
(Polar Ozone Loss in the Arctic Region in Summer) mission
gave reliable water vapor data in April–May 1997. HALOE
and SAGE II satellite sensors also measured water vapor
during the ILAS measurement period.

Table 2. Summary of Error Analysis for the ILAS Version 5.20 Water Vapor Data: Systematic Biases (ppmv) Caused by the Nongaseous

Component Correctiona

Altitude,
km

Sulfate Aerosols:
AECb = 0.0005

km�1 Polar Stratospheric Clouds: AECb = 0.001 km�1

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

25 �0.10 �0.08 �3.84 �0.47 �1.52 0.01 0.15 �0.16
20 �0.05 �0.04 �1.73 �0.21 �0.69 0.01 0.07 �0.07
15 �0.02 �0.02 �0.79 �0.10 �0.31 0.00 0.03 �0.03
aSee text for details.
bAEC: Aerosol extinction coefficient at 780 nm.
cS(75) and S(50) denote sulfate aerosols of 75 and 50wt%-H2SO4/H2O binary solutions, respectively.
dSTS(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 supercooled ternary

solutions of polar stratospheric clouds (PSCs), respectively.
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[25] Recently, a ‘‘Lagrangian approach’’ has been used to
search for coincident measurement pairs using trajectory
calculations. For example, Morris et al. [2000] suggested
that results obtained using this approach are equivalent to,
or improve upon, results obtained using the ‘‘traditional
approach’’ of direct comparison of coincidence. Although
the ‘‘Lagrangian approach’’ is capable of increasing the
number of coincidence pairs with a little degradation of the
comparison result, it is not expected to improve the results
of this study for the following reasons: (1) The ‘‘Lagrangian
approach’’ is a somewhat indirect comparison and is subject
to error through its dependence on the quality of the
meteorological data and the trajectory calculation method;
(2) For satellite comparisons, enough events could be found
using the ‘‘traditional approach’’, and comparisons were
performed up to 70 km in altitude whereas above about 50
km no reliable meteorological data are available for the
trajectory calculations; (3) Most of the ILAS validation
balloon experiments were carried out sufficiently close in
time and space to the corresponding ILAS measurements.
We thus adopt the ‘‘traditional approach’’ of direct compar-
ison of coincidence. It should be noted that the satellite and
in situ data are responsive to different spatial scales, which
may contribute to the observed differences between ILAS
and the in situ comparison data sets.
[26] For validation studies, coincidence criteria with more

relaxed longitude limits are often used by other groups.
However, we did not use the relaxed longitude criteria for
the following reasons: For comparisons at high latitudes, the
polar vortex in winter-spring is often distorted with respect
to the pole, causing longitudinal inhomogeneities in the
tracer distribution. In the Northern Hemisphere (NH), the
polar vortex formed in December 1996 and persisted excep-
tionally late, until early in May 1997 in the lower strato-
sphere, e.g., as seen from NOAA [2000a, Figure 8] and as
described by Coy et al. [1997]. In the spring of 1996 in the
Southern Hemisphere (SH), the polar vortex existed until
the beginning of December 1996 in the lower stratosphere,
e.g., as seen from NOAA [2000b, Figure 12]. PV analyses
are incorporated to evaluate the degree of proximity of the
comparison pairs in space in terms of dynamical conditions.

[27] In the following sections 5 to 7, we use the relative
percentage difference of D defined as

D ¼ H2O ILASð Þ � H2O validationð Þ½ �= H2O ILASð Þ½f
þ H2O validationð Þ�=2g � 100 ð1Þ

in percent (%) for each 1-km altitude grid, where ‘‘H2O
(ILAS)’’ and ‘‘H2O (validation)’’ denote water vapor
mixing ratio values of ‘‘ILAS’’ and ‘‘validation’’ measure-
ments, respectively. The primary product retrieved from
ILAS is a vertical profile of mixing ratio as a function of
geometric altitude, and conversions between geometric
altitude and geopotential height are made to aid compar-
isons of ILAS with some of the correlative measurement
data sets if required.

5. Comparison With Validation Balloon
Campaign Data

[28] During the eight-month period of continuous oper-
ation of the ILAS instrument from November 1996 to June
1997, balloon validation experiments were conducted at two
high-latitude sites: Kiruna, Sweden (68�N, 21�E) and Fair-
banks, Alaska (65�N, 148�W). For the validation of ILAS
water vapor, seven flights of balloonborne instruments were
made from February to May 1997 using six different
techniques. These comparisons are listed in Table 3. The
five measurements at Kiruna in February and March 1997
were made inside the polar vortex or close to its edge while
the two measurements at Fairbanks in April and May 1997
were made outside the polar vortex.
[29] FISH (Fast In-situ Stratospheric Hygrometer) and

ELHYSA (Etude de l’Hygrometrie Stratospherique et des
Aerosols) are in situ measurement instruments. FISH is a
Lyman-alpha fluorescence hygrometer [Zöger et al.,
1999a, 1999b] and ELHYSA is a frost point hygrometer
[Ovarlez, 1991; Ovarlez and Ovarlez, 1994]. Others are
remote sensing spectrometers. LPMA (Limb Profile Mon-
itor of the Atmosphere) and MkIV are solar occultation
FTIR (Fourier transform infrared) spectrometers. Details of
the LPMA instrument are provided by Camy-Peyret et al.

Table 3. List of Coincidences of Water Vapor Validation Balloon Measurements and ILAS Measurements in 1997a

Balloon
Instrument

Validation ILAS Difference

Date Time Latitude Longitude Date Time Latitude Longitude Time Distance, km

FISHb 02/11 11:46 68.0 22.0 02/11 14:30 68.41 18.26 �02:44 161
LPMAc 02/14 14:40 65.80 22.80 02/14 13:08 68.69 41.31 01:32 853
ELHYSAd 02/14 21:44 67.81 23.92 02/14 13:08 68.69 41.31 08:36 719
LPMAc 02/26 15:30 66.90 20.50 02/26 14:26 69.49 33.76 01:04 616
MIPASe 03/24 19:42 69.60 30.14 03/24 16:06 68.87 34.78 03:36 200
FIRS-2f 04/30 19:12 69.30 �148.91 04/30 06:04 63.57 �149.12 13:08 636
MkIVg 05/08 12:11 68.56 �146.29 05/08 05:49 62.14 �141.94 06:22 740

aThe pairs of coincidence measurements are selected on the condition that the ILAS measurement is the nearest to the validation measurement in distance
within 24 hours before and after the validation measurements in time. The time and location of validation measurements are described in the following
footnote text, and those of ILAS measurements are the values at the tangent altitude of 20 km. The FISH, LPMA, ELHYSA, and MIPAS instruments were
launched from Kiruna, Sweden (68�N, 21�E) and those of FIRS-2 and MkIV from Fairbanks, Alaska (65�N, 148�W). Dates and times of measurements are
given in ‘‘MM/DD’’ and ‘‘hh:mm’’ in UTC in 1997, and locations of measurements are given in latitude degrees north and longitude degrees east (‘‘-’’
means west). Differences of the time and location of ILAS measurement from those of validation measurement are given in ‘‘hh:mm’’ and in distance (km).

btime and position of FISH measurement at the altitude nearest to 20 km.
cTypical time and position of LPMA measurement.
dTime at the lowest altitude of ELHYSA measurement and the average position of the measurement.
eAveraged MIPAS time and position of tangent altitudes.
fAveraged time and position of FIRS-2 measurement.
gTime and position of MkIV measurement at 20 km altitude.
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[1995] and Camy-Peyret [1995], and those of MkIV by
Toon [1991]. For LPMA, the occultation mode data are
used here among the occultation and ascent modes of
measurement. MIPAS (Michelson Interferometer for Pas-
sive Atmospheric Sounding) and FIRS (Far-Infrared Spec-
trometer)-2 are limb emission sounding spectrometers.
Details of the MIPAS instrument and its data evaluation
are described by Fischer and Oelhaf [1996] and Friedl-
Vallon et al. [1999], and especially for water vapor
retrieval by Stowasser et al. [1999], and those of FIRS-2
are given by Johnson et al. [1995] and Jucks et al. [1998].
These are well characterized and proven instruments, and
with the exception of LPMA, they are reviewed and
compared in detail in the SPARC Water Vapour Assess-
ment [Kley et al., 2000].
[30] Figure 3 shows vertical profiles of H2O volume

mixing ratio from ILAS and balloon validation measure-
ments (left panel), relative percentage difference between
ILAS and validation measurement with positive values
denoting ILAS values higher than those of the validation
measurement (central panel), and PV profiles at the loca-
tions of ILAS and validation measurements by relative
percentage differences (right panel). The times and locations
of the coincident pairs are given in Table 3 together with
their determination method. The error bars for ILAS in
Figure 3 (left panel) are the total errors defined in section 2.
As for the error bars for the validation measurements, we
classify the measurements into two types, remote sounding
measurements and in situ measurements. One-sigma preci-
sion error bars were plotted for the remote sounding
measurements of LPMA, MIPAS, FIRS-2, and MkIV. We
do not draw error bars for the in situ measurements of FISH
and ELHYSA, and just give information on the precision
(random error) and accuracy (systematic error plus random
error) in the caption. Here the relative percentage differ-
ences of water vapor (central panel) are defined as D in
equation (1) by setting ‘‘validation’’ to be each balloon
validation measurement. LPMA, FIRS-2, and MkIV data
are given at the 1-km altitude grid. To extract data onto the
1-km altitude grid, MIPAS data are linearly interpolated,
and FISH and ELHYSA data with fine vertical resolution
are 1-km averaged in altitude. The relative PV percentage
difference of DPV (right panel) is defined as

DPV ¼ PV Xð Þ � PV Yð Þ½ �=PV Yð Þ � 100 ð2Þ

in percent (%) for each 1-km altitude grid, where ‘‘PV (X)’’
and ‘‘PV (Y)’’ denote PV values at the time and location of
X and Y. We first specify X as ‘‘ILAS’’ and Y as
‘‘validation’’ in equation (2) to define an index of difference
in air masses sampled. We use the horizontal positions and
times of ‘‘ILAS’’ and ‘‘validation’’ given in Table 3, and
interpolate PV values bilinearly in horizontal and linearly in
time. We also define indices of the relative position with
respect to the polar vortex edge by specifying X as ‘‘ILAS’’
and Y as ‘‘edge’’, and by specifying X as ‘‘validation’’ and
Y as ‘‘edge’’, where ‘‘PV (edge)’’ is the PV at the polar
vortex edge defined by Nash et al. [1996]. We use the
times of ‘‘ILAS’’ and ‘‘validation’’ given in Table 3, and
interpolate PV edge values linearly in time.
[31] The first set of five balloon validation experiments

was carried out at Kiruna, Sweden in February and March

1997 mostly inside the polar vortex (Figures 3a–3e). On 11
February 1997, the Lyman-alpha hygrometer of FISH
obtained data very close to an ILAS measurement with
the difference in mixing ratio of less than 20% (Figure 3a).
At 16–23 km the difference was �2 to +16%, increasing
with altitude. The PV differences between the two measure-
ment locations are very small, with the PV values at the
location of ILAS measurement only slightly larger than that
of FISH measurement above about 18 km, and both
measurements were done inside the polar vortex because
the PV difference values of ‘‘ILAS � Edge’’ and ‘‘Val �
Edge’’ are both positive in the right panel.
[32] A few days later on 14 February, the balloon solar

occultation measurement of LPMA (Figure 3b) showed that
large percentage differences between ILAS and LPMA H2O
correspond to large PV differences: The ILAS location was
inside the vortex whereas the LPMA location was near the
vortex edge. It should be noted that the vertical profile of
the percentage difference between ILAS and LPMA is very
similar in shape to that of the PV difference in a reasonable
way: Higher mixing ratios of water vapor correspond to
higher values of PV, i.e., further inside the polar vortex.
[33] On the same day on 14 February, the frost point

measurement of ELHYSAwas available from about 21.5 to
28 km (Figure 3c). At the highest altitude, the difference is
about 10%, but for the lower altitudes ILAS data are up to
about 29% higher than those of ELHYSA. The vertical
profile of the percentage difference of ILAS from ELHYSA
is again very similar to that of the PV difference with a
maximum of about 45%. The percentage difference of PV
with respect to the vortex edge indicates that the location of
ILAS measurement is further inside the vortex than
ELHYSA, which partly explains the higher mixing ratio
of water vapor in ILAS than in ELHYSA. At around 27–28
km, the location of ELHYSA is sufficiently inside the
vortex, which reasonably explains the smaller difference
in H2O.
[34] Another comparison of ILAS with LPMA on 26

February (Figure 3d) shows good agreement with an
exception at around 25–27 km, where LPMA shows
extremely large values over 8 ppmv. Another exception is
found at �15 km, where the ILAS H2O values are 21%
larger than the LPMA. Some problems are suggested in the
LPMA considering large error bars at the altitudes as shown
in the figure. The measurement locations for both were very
similar in terms of PV.
[35] A comparison of ILAS with the remote sensing

emission measurements by MIPAS on 24 March (Figure
3e) shows that ILAS compares very well with MIPAS above
19 km, and is only 7% larger than MIPAS around 24–26
km. Below 19 km, ILAS gives smaller H2O values. ILAS
gives �38% difference at the lowest altitude of 13 km even
though the PV difference is very small at these altitudes.
The altitude profile of the differences is very similar to that
found in the ILAS-FISH comparison. The difference at the
lowest altitude may be due to poor retrieval of ILAS.
[36] In general, these high-latitude winter measurements

might be affected by atmospheric variability. The variability
of water vapor abundance near the vortex edge is a
reasonable explanation for the observed altitude-dependent
differences between the measurements. However, in gen-
eral, the H2O differences are partly due to the difference of
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Figure 3. Comparison of vertical profiles of water vapor volume mixing ratio of ILAS version 5.20
measurement and balloon validation measurement, and relative percentage difference D (see section 4 for
the definition), for the seven ILAS validation flights detailed in Table 3. The error bar of ILAS shows the
total error defined in the text. The meanings of the error bars in the validation measurements are given in
parentheses: (a) FISH (the error bars are not shown; 0.15 ppmv precision; 0.35 ppmv or 6% accuracy);
(b) LPMA (one-sigma precision); (c) ELHYSA (the error bars are not shown; 3% precision: 6%
accuracy); (d) LPMA (one-sigma precision); (e) MIPAS (one-sigma precision); (f) FIRS-2 (one-sigma
precision); (g) MkIV (one-sigma precision). The vertical range of (a)–(e) is 10–35 km while that of (f )–
(g) is 10–40 km. Comparison of Ertel’s potential vorticity (PV) profiles at the locations of ILAS and
validation measurements by percentage are added to the right-hand side of each panel (see section 5 for
the definitions): Note that the lines of ‘‘ILAS edge’’ and ‘‘Val edge’’ are not drawn for the altitudes where
the polar vortex edge cannot be defined as in the case of (f ) and (g).
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Figure 3. (continued)
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the measurement location with respect to the polar vortex
edge as suggested in the right panel of each figure.
[37] The second set of two balloon validation experiments

was carried out at Fairbanks, Alaska in April and May 1997
outside the polar vortex (Figures 3f–3g). On 30 April, the
FIRS-2 emission spectrometer was flown up to an altitude
of 40 km (Figure 3f). The relative percentage difference
between ILAS and FIRS-2 data for 22–40 km and for 14–
18 km was found to be �10% to 0% while that for 19–21
km was �17% to �10%. At the lowest altitude of 13 km,
ILAS gives �20%. The validation flight on 8 May of the
MkIV solar occultation spectrometer yields differences
between �10% and +0% for the 14–17 km and 23–38
km altitude regions (Figure 3g). The difference for 18–22
km is �20% to �10% and the difference at 13 km is �14%.
Although both the MkIV and FIRS-2 measurements give
larger mixing ratios than those of ILAS, the differences do
not indicate clear altitude dependence.
[38] Both balloon observations at Fairbanks, as well as

the corresponding ILAS measurements, were made in air
masses that were not much influenced by the vortex, which
was still lingering over Northern Europe and Russia in early
May 1997 [Toon et al., 1999]. This is suggested by the fact
that the PV percentage differences are small in Figures 3f
and 3g. Further, the viewing geometry of both instruments
was similar to that of ILAS. Thus, the conditions at Fair-
banks were more favorable for comparison than those at
Kiruna. This may explain why smaller differences were
seen for the validation measurements by FIRS-2 and MkIV
than those by FISH, ELHYSA, LPMA, and MIPAS.

[39] To summarize, Figure 4 shows a correlation scatter-
plot of ILAS version 5.20 H2O versus balloon H2O meas-
urements for all available coincidences. The scatterplot
confirms the good agreement of ILAS with balloon meas-
urements as described above. Large differences between
ILAS and LPMA are due mainly to differences in location
relative to the polar vortex edge, and also because the
quality of LPMA H2O data is not as good as that of other
species of LPMA because the spectral interval of LPMA is
not optimal for H2O. The higher bias of ILAS versus
ELHYSA is mainly due to the difference in location relative
to the polar vortex edge as described above. For reference,
averages of the relative percentage differences (D) at
selected altitudes for selected sample pairs in parentheses
are as follows: �13% at 15 km (5 samples: FISH, LPMA,
MIPAS, FIRS-2, MkIV), �5% at 20 km (4 samples: FISH,
MIPAS, FIRS-2, MkIV), �6% at 25 km (2 samples: FIRS-
2, MkIV), and �8% at 30 km (2 samples: FIRS-2, MkIV),
as also given as a measure of accuracy of ILAS measure-
ments by Yokota et al. [2002, Table 1]. Making allowance
for steep spatial gradients in H2O concentrations near the
edge of the polar vortex, it can be concluded that the ILAS
water vapor measurements in the 15–40 km altitude range
fall within about 10% of the correlative measurements and
within a root-mean square error of about 0.58 ppmv (given
in Figure 4) from a variety of techniques of balloonborne
instruments.

6. Comparison With Simultaneous ER-2 Aircraft
Measurements From the POLARIS Mission

[40] In order to study photochemical and transport pro-
cesses that cause the summer polar decreases in strato-
spheric ozone, the POLARIS (Photochemistry of Ozone
Loss in the Arctic Region in Summer) mission was con-
ducted in April–September 1997 [Newman et al., 1999].
There were two instruments that measure H2O on board the
NASA ER-2 aircraft, which was deployed during the
POLARIS mission. One is a Lyman-alpha hygrometer
developed at Harvard University [e.g., Weinstock et al.,
1994], and the other is an open path, multipass Herriot cell,
and a tunable infrared laser source (1.37 mm) absorption
hygrometer developed at NASA/JPL (Jet Propulsion Labo-
ratory) [e.g., May, 1998]. Measurement precision is esti-
mated to be 0.05 ppmv in the stratosphere for a 2-s
integration period. Comparisons of the JPL laser hygrom-
eter with the Harvard Lyman-alpha hygrometer have shown
the agreement to be better than 1% above 490 K potential
temperature (�19 km) during the June/July deployment
[Hintsa et al., 1999]. Near the hygropause, however, the
JPL hygrometer measured H2O values some 5–10% larger
than the Harvard hygrometer.
[41] Table 4 summarizes the ILAS-POLARIS coinciden-

ces from the end of April to the middle of May 1997 during
the first deployment period of the POLARIS ER-2 mission,
which was based at Fairbanks, Alaska. In the third column
of Table 4, HW represents the Harvard Lyman-alpha
hygrometer, while JW represents the JPL laser hygrometer.
A total of 10 H2O profiles of POLARIS ER-2 were found
whose minimum distance to the ILAS occultation tangent
point was less than 500 km and whose time difference was
within ±12 hours. The POLARIS ER-2 measurements as

Figure 4. Correlation of ILAS version 5.20 water vapor
versus balloon water vapor for all available coincidences.
The black-colored marks show the pairs whose relative PV
percentage differences are larger than 15%. Root-mean
square (RMS) difference of ILAS data against balloon data
(excluding the black-colored pairs) is shown to be 0.58
ppmv.
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well as the corresponding ILAS measurements were made
in air masses that were not influenced by the polar vortex,
which was still lingering over Northern Europe and Russia
in early May 1997 as also noted in section 5. The altitude
range of the comparison is also shown in Table 4.
[42] Figure 5 shows comparisons of ILAS version 5.20

H2O and POLARIS aircraft validation measurements (left
panel) with relative percentage differences (right panel).
Here the relative percentage differences are defined as D in
equation (1) by setting ‘‘validation’’ to be ‘‘POLARIS’’.
The left panel of Figure 5 shows the averaged vertical
profiles of ILAS and POLARIS (average of HW and JW)
with their one standard deviation, and their minimum and
maximum values. The figure shows that POLARIS gives
higher mixing ratio values at all altitudes below 20 km
compared with ILAS although the vertical gradient is
almost the same. The mixing ratio differences seem to be

significant since they exceed the standard deviations of
those measurements. The relative percentage differences,
plotted in the right panel of Figure 5, are about �27% to
�16% for 14–20 km. Chapter 2 of the WAVAS report by
Kley et al. [2000] showed that in the 100–60 hPa layer
(about 16–19 km), HW is about 20% larger than HALOE,
JW is about 1% larger than HW, and ILAS is about 3%
larger than HALOE, which means that ILAS is about 17–
18% smaller than HW and JW. This bias is consistent with
the comparison of ILAS with HW and JW of POLARIS as
shown in Figure 5. The magnitude of the percentage differ-
ence of 16–27% is, however, larger than that of the bias of
17–18%. The POLARIS ER-2 aircraft data thus support
qualitatively the feature of smaller values of ILAS below 20
km that we found in the comparison of ILAS with two
balloon measurements of FIRS-2 on 30 April 1997 and
MkIV on 8 May 1997 launched from Fairbanks, Alaska,
which were partly carried out as the POLARIS balloon
mission.

7. Comparison With Simultaneous Satellite
Measurements of HALOE and SAGE II

[43] In this section, ILAS version 5.20 water vapor is
compared with HALOE version 19 water vapor and with
SAGE II version 6 water vapor for the entire ILAS
continuous measurement period between November 1996
and June 1997. All of the HALOE and SAGE II data are
available for scientific use through their World Wide Web
servers. To extract the coincidence pairs between ILAS and
HALOE, and those between ILAS and SAGE II, we used
criteria in time and space differences of ±12 hours and 300
km, respectively. For searching coincidence measurements,
location and time at the tangent height of 20 km were used
as being representative of each measurement. HALOE and

Table 4. List of Coincidences of Validation Measurements of Two

POLARIS Instruments and ILAS Measurements in 1997a

Profile Month/Day Instrument Altitude Range Minimum Distance

1 04/26 HW, JW 13–19 km 268.4 km
2 04/30 HW, JW 13–19 km 137.7 km
3 04/30 HW, JW 13–20 km 392.8 km
5 05/06 HW, JW 14–20 km 293.8 km
6 05/09 HW 13–19 km 367.1 km
7 05/09 HW, JW 13–19 km 431.9 km
8 05/11 HW, JW 13–19 km 425.7 km
9 05/11 HW, JW 13–19 km 392.7 km
10 05/13 JW 12–19 km 495.5 km
aThe coincidence condition is that POLARIS ER-2 profiles whose

minimum distance from the ILAS occultation tangent point is less than 500
km within ±12 hours time difference. HW represents the Harvard Lyman-a
hygrometer, while JW represents the JPL laser hygrometer. The altitude of
the comparison and its minimum distance are also shown.

Figure 5. Comparison of vertical profiles of water vapor volume mixing ratio of ILAS version 5.20
measurements and POLARIS aircraft validation measurements using all coincidence pairs shown in
Table 4. In the left panel, mean profile, its one-sigma standard deviation variance of each altitude, and
minimum and maximum values are plotted for both ILAS and POLARIS. In the right panel, relative
percentage difference (see section 4 for the definition) and its one-sigma standard deviation are shown.
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SAGE II are carried on inclined-orbit satellites so that the
occultation events occur globally. Therefore coincidence
latitudes are determined by the ILAS high latitude coverage
ranging from 57� to 72� in the Northern Hemisphere (NH)
and from 64� to 89� in the Southern Hemisphere (SH),
depending on the season. With the criteria defined above,
202 coincidence pairs for HALOE versus ILAS and 149
coincidence pairs for SAGE II versus ILAS were selected in
the first step. A summary of the coincidence measurements
of satellite sensors is listed in Table 5, separately for periods
shown in the table. The maximum time difference was 8.3
hours, which was found from the SAGE II versus ILAS
pairs. Coincidences occurred in the SH during November
1996 to February 1997, and in the NH during March–June
1997. All ILAS NH measurements were obtained during
satellite sunrise (SR), and all SH measurements during
sunset (SS).
[44] Considering the relative position of the two measure-

ments with respect to the polar vortex, the coincidence pairs
selected by the above criteria were further screened by the
following procedure. First, PV values at each tangent height
location and time for ILAS and for its coincidence measure-
ments were calculated. PV values and potential temper-
atures were calculated at each grid point. These data were
then interpolated in time and space to each measurement
(both for ILAS and its coincidence validation measurement)
with 1-km geometric altitude grid. We defined the PV
relative percentage difference as [PV (ILAS)�PV (valida-
tion)]/{[PV (ILAS) + PV (validation)]/2} � 100 in percent
(%) for each 1-km altitude grid where PV (ILAS) and PV
(validation) denote PV values at the time and location of
ILAS and its coincidence validation measurement. If the

relative percentage difference exceeds ±15% at consecutive
altitude grids for more than 3 km, the data at these altitudes
were discarded from the validation analysis.
[45] Figure 6a shows the results of all the ILAS-HALOE

comparisons for 84 profiles of the Arctic during March–
June 1997 and Figure 6b for 118 profiles of the Antarctic
during November 1996 to February 1997. In the right panel,
the median of individual percentage differences, D, between
ILAS and HALOE is shown, together with its minimum and
maximum. Here D is the relative percentage difference
defined in equation (1) by setting ‘‘validation’’ to be
‘‘HALOE’’. Two dashed lines symmetrical with respect to
the zero line show averages of RSS (root-sum-square) of the
errors in the ILAS and HALOE measurements at each
altitude, defined as the square root of the sum of total
measurement errors of ILAS and HALOE data. The com-
parison for the Arctic spring and summer (Figure 6a) and
the Antarctic late spring and summer (Figure 6b) shows, in
general, fairly good agreement with differences of less than
10% at most altitudes. The Arctic comparison (Figure 6a)
shows that the mean profiles of both ILAS and HALOE
show a similar vertical structure in the lower stratosphere:
Increasing mixing ratio with increasing altitude from 12 to
25 km (with ILAS about 0.5 ppmv smaller than HALOE),
and almost constant from 25 to 32 km (with ILAS nearly
equal to HALOE). From 32 to 60 km, although the profiles
are still similar, ILAS has larger values by about 0.5–0.8
ppmv than HALOE. Above about 60 km, the ILAS mixing
ratio has some unreasonable oscillation with altitude. The
Antarctic comparison (Figure 6b) shows that the mean
profiles of both ILAS and HALOE also show a similar
vertical structure in the lower stratosphere: Decreasing

Table 5. Summary of Water Vapor Coincidence Measurements of ILAS Versus HALOE and SAGE II for

Each Perioda

Period Number Distance, kmb Time, hc Hemisphered
Occultation Modee

ILAS Validation

HALOE Versus ILAS (Total: 202; 118 in the SH and 84 in the NH)f

1996
Nov 19–24 40 172 (28) 1.8 (3.5, 0.0) SH SS SR
Dec 10–16 39 204 (130) 1.6 (3.5, 0.0) SH SS SS

1997
Jan 28–31 17 178 (19) 4.5 (5.3, 3.8) SH SS SR
Feb 18–20 22 165 (64) 0.5 (1.0, 0.1) SH SS SS
Mar 24–Apr 2 59 166 (23) 0.2 (0.5, 0.0) NH SR SS
May 13–14 12 147 (9) 6.9 (7.4, 6.5) NH SR SR
Jun 16–18 13 248 (197) 0.2 (0.4, 0.0) NH SR SS

SAGE II Versus ILAS (Total: 149; 128 in the SH and 21 in the NH)f

1996
Nov 4–24 74 149 (45) 1.4 (3.2, 0.0) SH SS SR, SS

1997
Jan 8–30 34 213 (136) 4.0 (4.8, 3.1) SH SS SR, SS
Feb 3–4 20 194 (125) 0.5 (1.2, 0.0) SH SS SS
Apr 26–29 10 188 (125) 7.9 (8.3, 7.4) NH SR SR
May 28–30 11 220 (157) 0.2 (0.4, 0.0) NH SR SS
aThe coincidence pairs of measurements are selected on the conditions of maximum distance difference of 300 km and

maximum time difference of 12 hours.
bAverage of individual distances between observed locations. Minimum distance is shown in parentheses.
cAverage of individual time difference between observation times. Maximum and minimum time differences are shown in

parentheses, respectively.
dNH and SH represent solar occultation which occurred in the Northern Hemisphere and in the Southern Hemisphere,

respectively.
eSR and SS represent sunrise and sunset, respectively, on the solar occultation events of each sensor.
fNumbers of coincidence measurements for each data set.
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mixing ratio with increasing altitude from 12 to 15 km (with
ILAS about 0.2 ppmv smaller than HALOE at the max-
imum difference), increasing mixing ratio with increasing
altitude from 15 to 22 km (with ILAS about 0.3 ppmv
smaller than HALOE), and almost constant from 22 to 30
km (with ILAS nearly equal to HALOE). From 30 to 55 km,
increasing slope with altitude is sharper in ILAS than in
HALOE (with ILAS about 1.6 ppmv larger than HALOE at
the largest difference), giving about 8 ppmv mean mixing

ratio for ILAS around 55 km. Above about 60 km, ILAS
mixing ratio has also the unreasonable oscillation with
altitude.
[46] Comparisons for the periods in each hemisphere with

the maximum number of coincidences noted in Table 5 are
shown in Figure 7a (24 March to 2 April, NH, 59 profiles)
and Figure 7b (19–24 November 1996, SH, 40 profiles).
During the Arctic early spring (Figure 7a), the vertical
structure for both ILAS and HALOE measurements also

Figure 6. Water vapor comparison of ILAS with HALOE using all coincidence pairs shown in Table 5
for the Northern Hemisphere (a), and Southern Hemisphere (b). Average profiles of all coincident water
vapor mixing ratios retrieved by ILAS version 5.20 and HALOE version 19 (left panel). The ILAS data
are plotted with 0.2 km shift upward for clarity. Numbers of coincidence measurement pairs at each
altitude are shown on the right-hand side of the figure. Bars show one-sigma standard deviation of the
data at each altitude. Maximum and minimum of the data are shown as a solid line (ILAS) and a dotted
line (HALOE), respectively. The median profile of individual relative percentage differences, labeled as
D (see section 4 for the definition), between ILAS and HALOE water vapor 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 root-sum-square total
uncertainties, labeled as RSS err., in ILAS and HALOE measurements (see text for the definition).
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agrees well, with water vapor mixing ratio increasing with
altitude up to about 25 km and then remaining nearly
constant above that level up to about 55 km. Average
differences throughout the bulk of the stratosphere are
10% or less except for the altitude below 15 km. The
tendency of ILAS mixing ratios to be smaller than HALOE
below about 25–30 km and larger above the altitude is
similar to that of the comparison in the Antarctic November
(Figure 7b) and December 1996. In the Arctic May 1997
(not shown), the vertical profiles of ILAS show a structure
different from HALOE in the sense that HALOE shows a
characteristic maximum around 23 km.
[47] The mean profiles of both ILAS and HALOE in the

Antarctic late spring (Figure 7b) show a similar vertical
structure, with minimum at �15 km, maximum at �22 km,
and a secondary minimum at �27 km. This is also seen in
both instruments during the period of 10–16 December

1996 (not shown). ILAS gives smaller mixing ratios than
HALOE below 25 km while larger mixing ratios than
HALOE above 25 km. The right panel of Figure 7b shows
that ILAS is about 10% lower than HALOE around 13–15
km while 20% higher around 55 km. High oscillation in the
vertical direction is seen above around 65 km. At most
altitudes except for these, the difference is smaller than 10%
within the range of uncertainty of the measurements des-
ignated by RSS err. (mean) in the panel.
[48] In summary, comparison of ILAS version 5.20 with

HALOE version 19 is very good considering the uncertainty
of the measurements.
[49] Figure 8a shows the results of all the ILAS-SAGE II

comparisons for 21 profiles of the Arctic during April–May
1997, and Figure 8b for 128 profiles of the Antarctic during
November 1996 to February 1997. In the Arctic spring
(Figure 8a), the mean profiles of both ILAS and SAGE II

Figure 7. Same as in Figure 6 but for 59 comparisons of Northern Hemisphere measurements from 24
March to 2 April 1997 (a), and for 40 comparisons of Southern Hemisphere measurements from 19 to 24
November 1996 (b).
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show a rather monotonic increase with increasing altitude
from 14 to 50 km and the slope is steeper in SAGE II
profiles. SAGE II gives about 40% smaller values than
ILAS at �15 km. The difference is less than 10% for 25–43
km. In the Antarctic late spring and summer (Figure 8b), the
mean profiles of both ILAS and SAGE II show a similar
vertical structure, with minimum at �17 km and maximum
at �23 km. Vertical profiles of the ILAS versus SAGE II
percentage differences are similar to those of the Arctic
spring.

8. Comparisons of Mean Variability in ILAS
Data With HALOE and UARS Reference
Atmosphere

[50] In addition to the comparisons with balloon- and
aircraft- correlative measurements and satellite coincident

measurements, comparisons of variability of monthly and
zonal mean water vapor derived from ILAS with that in
other satellite measurements are made as a part of validation
analyses. This type of comparison, less quantitative by
nature, is very useful in evaluating the data as a whole
qualitatively. It assesses the consistency of ILAS measure-
ments with the water vapor climatology established by other
satellite measurements and with the known features of
atmospheric circulation. In this section, we present a repre-
sentative case of zonal mean comparisons with HALOE
data and UARS climatology.
[51] Although the ILAS measurements were made at

narrow latitude bands geographically (varying from 57�N
to 72�N and from 64�S to 89�S), they covered a wide range
of dynamic atmosphere due to steep PV gradients on
potential temperature (theta) surfaces near the vortex edge
and the distorted vortex shapes. When the measurements are

Figure 8. Same as in Figure 6 but for ILAS versus SAGE comparisons using all coincidence pairs
shown in Table 5 for the Northern Hemisphere (a), and Southern Hemisphere (b).
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sorted by the dynamic variable PV, expressed as the PV-
based equivalent latitude (EL) in this case, ILAS data
covered approximately from about 30� to the pole in EL
in both hemispheres.
[52] Figure 9 shows EL zonal means of ILAS and

HALOE, both calculated from November 1996 measure-
ments, and UARS climatology for November, calculated
using nine years (1991–1999) of HALOE version 19 data
and the 20 months of available MLS stratospheric water
vapor prototype version 5 (nonlinear retrieval) data (9/
1991–4/1993). The EL zonal means of ILAS and HALOE
are binned averages using 4� latitude bands from 88�S to
88�N and the UARS standard theta levels. The PV and theta
data are from the UKMO analyses. The UARS climatology
is part of the UARS reference atmosphere and is derived
from the seasonal cycle of binned averages in the same
bands using a fit to seasonal harmonics of annual and
semiannual [Randel et al., 1998].
[53] Consistent with the UARS climatology, the ILAS EL

zonal mean clearly shows that the ILAS data have captured
features of the large-scale circulation in the stratosphere.
Although the ILAS sampling did not cover the tropics in
geographical latitude, the distributions indicate the ascent of
air through the cold tropical tropopause and the edge of the
polar vortices. The high values in the polar region indicate
the descent of air with more water produced by methane
oxidation. The dehydration signature in the Antarctic vortex
of the lowermost stratosphere (below 500 K (�20 km) in
Figure 9) during November, seen in the UARS climatology,
is also represented in the ILAS climatology. The gradients
in the water vapor distribution are remarkably similar in the
ILAS and HALOE EL zonal means. The qualitative differ-
ences between the ILAS/HALOE 1996 zonal mean and the
UARS nine-year climatology, e.g., the difference in gra-
dients in the Southern Hemisphere (SH) 500–1000 K,
reflect the interannual variability. The large visual difference
between ILAS and HALOE EL zonal means in the Northern

Figure 9. November water vapor monthly mean in PV-based equivalent latitude and potential
temperature coordinates derived from ILAS 1996 measurements (left), HALOE 1996 measurements
(center), and the UARS (9 years of 1991–1999) (right). Note the sampling range of HALOE instrument
for this month was poleward limited to �60�N in geographical latitude.

Figure 10. Time-height cross section of equivalent zonal
mean of water vapor from November 1996 to June 1997 at
52�N PV-based equivalent latitude, derived from ILAS (top)
and HALOE (bottom) measurements. The contours are in
0.25 ppmv intervals.
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Hemisphere (NH) is largely due to the difference in the
sampling range: In geographical latitude, ILAS sampled at
around 70�N but HALOE is poleward limited to 60�N.
Quantitatively, ILAS produced higher mixing ratio values
than HALOE in the altitude region above 1000 K (�35 km)
and inside the polar vortex.
[54] The consistency of ILAS data with the large-scale

circulation is also observed in the time-height cross section.
Figure 10 displays water vapor EL zonal mean at 52�N EL
from November 1996 to June 1997, derived from ILAS
(top) and HALOE (bottom) measurements. Both ILAS and
HALOE data show the seasonal variation in the NH middle
stratosphere (above 800 K (�30 km)) with the maximum in
northern winter. The seasonal variation in this middle

latitude EL band is a result of descent in the polar region.
The difference between the ILAS and HALOE is largely
due to the sampling difference of the two instruments. ILAS
sampled mostly high latitude/polar air while HALOE zonal
mean contains contributions from the low latitude air. The
lower stratosphere water vapor is fairly constant in time in
both data sets, but ILAS data show larger vertical gradients,
consistent with the case comparisons shown in Figures 3
and 4.
[55] The overall consistency between the zonal mean

climatologies shown in Figure 9 and Figure 10 is an
important validation for the ILAS data as a whole. A
more detailed discussion of zonal monthly variability of
ILAS water vapor and its comparison with UARS clima-

Table 6. Summary of Percentage Difference of ILAS Water Vapor Measurements Against Various Coincident Validation Measurementsa

Altitude
Experiment

1996 1997

Nov Dec Jan Feb Mar Apr May Jun

NH SH NH SH NH SH NH SH NH SH NH SH NH SH NH SH

50–60 km
HALOE *b +10 * +15 * +15 * +25 +10 * * * +10 * +5 *

45–50 km
HALOE * +10 * +10 * +10 * +15 +10 * * * +5 * +10 *
SAGE II * �10 * * * �10 * �10 * * �25 * �10 * * *

40–45 km
HALOE * +10 * +10 * +10 * +15 +5 * * * +5 * +5 *
SAGE II * �5 * * * �0 * +0 * * +10 * �10 * * *

35–40 km
HALOE * +10 * +10 * +10 * +15 +5 * * * +10 * +5 *
SAGE II * �0 * * * +5 * +10 * * +10 * +5 * * *
BALLOON �5FS �0Mk

30–35 km
HALOE * +5 * +5 * +10 * +10 +5 * * * +5 * +5 *
SAGE II * +0 * * * +5 * +5 * * 0 * �0 * * *
BALLOON �5FS �0Mk

25–30 km
HALOE * +0 * +0 * +5 * +5 0 * * * �5 * 0 *
SAGE II * +0 * * * +10 * +10 * * 0 * �5 * * *
BALLOON �5LP +5MI �5FS �5Mk

+10EL
�10LP

20–25 km
HALOE * �0 * �5 * �0 * +0 �5 * * * �5 * �5 *
SAGE II * +5c * * * +20c * +20c * * +20c * +15c * * *
BALLOON +15FI +5MI �5FS �10Mk

�+10LP
+25EL
+�10LP

15–20 km
HALOE * �5 * �5 * �5 * �0 �10 * * * �10 * �5 *
SAGE II * +15c * * * +35c * +30c * * +35c * +35c * * *
POLARIS �25
BALLOON �+10FI �5MI �5FS �10Mk

�+20LP
+10LP

10–15 km
HALOE * �20 * �5 * +10 * +5 �20 * * * �10 * �5 *
POLARIS �30
BALLOON �20MI �10FS �10Mk
aThe table is arranged by altitude range, validation experiment, month, and hemisphere. NH and SH represent Northern Hemisphere and Southern

Hemisphere, respectively. HALOE and SAGE II are satellite measurements. POLARIS consists of aircraft measurements. Balloon measurements include
FISH (designated by FI), LPMA (LP), ELHYSA (EL), MIPAS (MI), FIRS-2 (FS), and MkIV (Mk). The percent figures are estimated with an interval of
5%. The positive values mean that ILAS is larger than validation. The notation ‘‘+�10’’ means that the values change within the altitude region with plus
(+10) in lower altitudes and minus (�10) in higher altitudes, and vice versa. The notation ‘‘�0’’ means that the values are zero but slightly less than zero,
and vice versa.

bThe asterisk denotes no satellite measurements in the month and the hemisphere.
cThe values change in the altitude region with plus (+) in lower altitudes and minus (�) in higher altitudes, and vice versa. The notation ‘‘�0’’ means the

values are zero but slightly less than zero, and vice versa.
dThe percent figures are not suitable for evaluation of ILAS (see text).
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tology is given by Pan et al. [2002], where the consistency
between ILAS water vapor data and the meteorological
conditions of the 1996/1997 Arctic vortex is further
demonstrated.

9. Summary of Comparisons and Conclusions

[56] Table 6 summarizes the comparisons of ILAS meas-
urements against various simultaneous validation measure-
ments in sections 5, 6, and 7. The table is arranged by
altitude range, validation experiment, month, and hemi-
sphere. For 60–70 km, we do not show the comparisons
because the ILAS profiles oscillate significantly in the
vertical direction due to some problems in the retrieval.
SAGE II satellite measurements have smaller values than
ILAS measurements by more than 30% from 15 to 20 km
and 20% from 20 to 25 km in the Antarctic summer of
January and February 1997 and in the Arctic late spring of
April and May 1997. As found by Kley et al. [2000], the
quality of SAGE II especially for these altitude ranges is not
sufficiently good because SAGE II values are much smaller
than those of other experiments. An initial look at the
summary of Table 6 shows that ILAS compares very well
with all the available validation measurements, considering
the uncertainty in the measurements of both ILAS and
validation instruments. The climatological comparisons of
ILAS with UARS climatology and HALOE data in the
coordinates of PV-based equivalent latitude and potential
temperature in section 8 show the overall consistency of
ILAS water vapor data considering the known features of
atmospheric circulation.
[57] ILAS data users should note that the ILAS version

5.20 water vapor data appear to have the following charac-
teristics:
1. ILAS water vapor in the altitude region of 15–60 km

is usually within 20% of all other reliable correlative
measurements we compared, except for some cases as
detailed in this paper, and is better than 10% for the majority
of cases depending on altitude range, season, and hemi-
sphere, as summarized in Table 6.
2. ILAS yields good quality as far as relative variation is

concerned. The reliability of data regarding relative
variation, however, depends on temporal and spatial scales
concerned.
3. The quality of the ILAS measurements depends on

season. For example, for 15–25 km in the Arctic, ILAS has
a rather positive bias in February while a negative bias in
May. For 10–25 km in the Antarctic, ILAS has a rather
negative bias in November and December, while the
negative bias is not so evident in February.
4. The quality of the ILAS measurements depends on

altitude. For example, in the Arctic May 1997, ILAS has a
rather negative bias below 30 km while a rather positive
bias above 30 km. In the Antarctic November and
December 1996, ILAS has a negative bias below 25 km
while a rather positive bias above 25 km. ILAS in the
Southern Hemisphere in January–April above about 40–50
km shows unreasonably high mixing ratios of water vapor
over 8–10 ppmv.
[58] Summarizing the overall comparisons in this paper,

the quality of ILAS version 5.20 water vapor was shown to
be reasonably good for most scientific purposes such as

studies on the polar stratospheric phenomena provided that
the points shown in this paper are noted. The characteristics
of ILAS measurements, i.e., high frequency measurements
in high latitudes with high vertical resolution, and the
reasonable quality of the ILAS water vapor measurements
which are comparable to those of other satellite sensors such
as HALOE, should prove useful to the stratospheric science
community.
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