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Validation of stratospheric nitric acid profiles observed by Improved
Limb Atmospheric Spectrometer (ILAS)-II
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[1] The Improved Limb Atmospheric Spectrometer-1I (ILAS-IT) was launched aboard the
Advanced Earth Observing Satellite-II (ADEOS-II) in December 2002. Stratospheric
vertical profiles of nitric acid (HNOs) concentration observed by ILAS-II (version 1.4)
are validated using coincident HNO3; measurements by balloon-borne instruments
(MIPAS-B2 and MkIV) in March and April 2003. Further validation is performed by
making climatological comparisons of lower stratospheric HNOs-0zone (O3)
correlations obtained by ILAS-II and ILAS (the predecessor of ILAS-II) for specific
potential vorticity-based equivalent latitudes and seasons where and when ILAS data
showed very compact correlations in 1997. The reduced scatter of ILAS-IT HNO; values
around the reference HNOj3, which is derived from ILAS-II O3 using the ILAS HNO3-O5
correlation, shows that the precision of the ILAS-II HNO; data is better than 13—14%,
5%, and 1% at 15, 20, and 25 km, respectively. Combining all of the comparisons
made in the present study, the accuracy of the ILAS-II HNO; profiles at 15-25 km is

estimated to be better than —13%/+26%.
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1. Introduction

[2] Polar stratospheric clouds (PSCs) play a central role
in stratospheric ozone depletion over the Antarctic and
Arctic in the winter/spring seasons. Nitric acid (HNO3) is
a key component determining the chemical and physical
properties of PSCs that form at low temperatures (<~200 K)
through condensation of HNO; and water vapor (H,O) in
the winter/spring polar stratosphere. Satellite measure-
ments of HNO; concentrations have been widely used to
investigate not only spatial distributions and temporal
variations of HNOj [Santee et al., 1995, 1997, 1998,
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1999, 2000, 2004; Irie et al., 2001] but also important
details of the processes controlling stratospheric HNO;
concentrations, e.g., the formation of PSC particles and
denitrification [Santee et al., 1998, 2002; Hayashida et
al., 2000; Kondo et al., 2000a; Irie et al., 2001, 2004;
Saitoh et al., 2002; Irie and Kondo, 2003; Riviere et al.,
2003]. While these processes are not fully understood, the
Improved Limb Atmospheric Spectrometer-11 (ILAS-II)
onboard the Advanced Earth Observing Satellite-II
(ADEOS-II) provided recent measurements of vertical
profiles of HNO; concentration at high latitudes in both
the Northern Hemisphere (NH) and the Southern Hemi-
sphere (SH). Preoperational and operational observations by
ILAS-II were performed in January—March and April—
October 2003, respectively. In this paper, we assess the
validity of the ILAS-II HNOj; profiles retrieved with the
version 1.4 algorithm under PSC-free conditions by using
comparisons with HNO; profiles measured by balloon-
borne instruments. Further assessment is performed from
a climatological standpoint by comparing the lower strato-
spheric correlations between HNOj; and ozone (O3) mixing
ratios obtained by ILAS-II in 2003 with those by ILAS (the
predecessor of ILAS-II) in 1997. We choose O; as a
companion species, because it can generally be validated
more precisely than other species because of extensive
ozonesonde and satellite O data. We assume that HNOj3-
05 correlations between 1997 and 2003 were invariant for
the same latitudes and seasons. This assumption is sup-
ported from the multiyear data obtained by the Microwave
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Table 1. Repeatability Errors (%) for HNO;z and O;

Species Hemisphere 15 km 20 km 25 km
HNO; NH 23 5 1
HNO; SH 17 5 3
Os NH 14 4 6
Oy SH 11 5 2

Limb Sounder (MLS) onboard the Upper Atmosphere
Research Satellite (UARS).

2. ILAS-II Measurements
2.1. Instrument

[3] The ILAS-II instrument, designed similarly to its
predecessor ILAS [Sasano et al., 1999], is a solar occulta-
tion sensor to measure stratospheric vertical profiles of
various constituents, including HNO5; and Os. The ILAS-II
instrument consists of infrared (channel 1, 6.2—11.8 pm),
midinfrared (channel 2, 3.0—5.7 um), narrow-band (channel
3, 12.78—12.85 um), and visible (753—784 nm) spectrom-
eters, and a sun edge sensor. The ILAS-II was launched
aboard the ADEOS-II satellite on 14 December 2002, and
performed about 400 preoperational observations between
January and March 2003. The operational observations were
made with a frequency of about 14 times per day in each
hemisphere for about 7 months from 2 April through
24 October 2003. The measurement latitudes ranged from
54° to 71°N and from 65° to 88°S, varying seasonally with
the geometric relationship between the Sun, the Earth, and
the satellite.

2.2. Version 1.4 Retrieval Algorithm

[4] The version 1.4 retrieval algorithm was used to obtain
gas concentration profiles from the absorption lines mea-
sured with the channel-1 infrared spectrometer (T. Yokota et
al., unpublished manuscript, 2006). The algorithm primarily
used the strong absorption lines around 7.6 and 11.3 pm for
the HNOj retrieval and around 9.5-10.0 pm for Oj.
Spectroscopic data were adopted from the year 2000 edition
of the High-Resolution Transmission (HITRAN) database,
including updates through the end of 2001 [Rothman et al.,
2003]. The HNO; and O; concentrations were retrieved
simultaneously with other gases using a nonlinear least
squares method [Yokota et al., 2002], after estimating the
contribution of aerosol attenuation at 7.12, 8.27, 10.60, and
11.76 pm, where contributions of gas absorption are rela-
tively much smaller as compared to the other wavelength
regions. These four spectral elements are called “window
elements.” The extinction coefficients of aerosols at the
window elements were linearly interpolated and extrapolated
with wave number to obtain transmittance due only to
gaseous absorption over the whole range of infrared regions
measured. This simple linear approximation may cause
systematic errors in the HNO; and Oz concentrations
retrieved, as described below. Vertical profiles of concen-
tration were retrieved by the so-called onion-peeling method
[Yokota et al., 2002], with vertical resolutions of 1.3—2.9 km
at tangent heights of 15—55 km. The tangent heights of the
measurements were determined with a sun edge sensor
method and a transmittance spectrum method for altitudes
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above and below 30 km, respectively (for more details see
Nakajima et al. [2002], T. Tanaka et al. (unpublished
manuscript, 2006), and http://www-ilas2.nies.go.jp/en/).

2.3. Errors

[5] To evaluate the precision of the ILAS-II concentration
data, for every series of 100 occultation measurements
(corresponding to about an 8-day time period) we calculated
an average and a lo standard deviation of the retrieved
concentration data at each 1-km altitude for each hemi-
sphere. The minimum of the ratio (1o standard deviation)/
(average) for the whole of the ILAS-II measurement period
gives an upper limit of the precision, because it should
represent the precision of the data with the smallest con-
tributions from the natural variability in the measurement
period. The minimum value is referred to as the “repeat-
ability error” for all of the ILAS-II version 1.4 data
products. For HNO3 and Os, the repeatability errors are
summarized in Table 1, showing that the estimated upper
limits of the precision at 15—25 km are 1-23% and 2—14%,
respectively. In addition to the repeatability error, the
retrieved concentration data can further be affected by
uncertainty in the gas concentrations assumed in the calcu-
lation of the aerosol attenuation contribution to the spectra
at window elements, as mentioned in section 2.2, and by the
uncertainty in temperature [Yokota et al., 2002]. The addi-
tional error due to these uncertainties is referred to as the
“external error.” The median external errors calculated
from all the ILAS-II data are listed in Table 2. In compar-
isons of HNOj profiles obtained by ILAS-II and balloon-
borne instruments below, we use the term “total error,”
which is defined as the root-sum-square of the repeatability
and external errors.

[6] Tt should be noted that in the version 1.4 retrieval
algorithm, the uncertainty in line parameters has not been
considered in the calculation of the total error. While this
omission may lead to an underestimate of the total error, the
present paper empirically estimates the precision, which
should contain all of the random error components, includ-
ing random errors in line parameters. If the line parameters
used contain systematic errors, they would be taken into
account in future versions of the ILAS-II retrieval algorithm
by using updated line parameter data.

[7] In the present paper, we will attempt to estimate the
accuracy of ILAS-IT HNOj; profiles. For Os, Sugita et al.
[2006] have made statistically robust comparisons with a
large amount of ozonesonde and satellite data (SAGE II/111,
HALOE, and POAM III). The comparisons showed that
most ILAS-II O; profiles agreed with ozonesonde and
satellite data to within 10% at 10—40 km.

[8] As described above, aerosol extinction at all the
wavelengths measured with the channel-1 infrared spec-

Table 2. External Errors® (%) for HNO; and Os

Species Hemisphere 15 km 20 km 25 km
HNO; NH 10 3 2
HNO; SH 9 3 3
O3 NH 9 4 2
O3 SH 10 5 1

*Median values calculated from all the ILAS-II data.
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Table 3. Systematic Biases of HNO; and O; Caused by Optically Thick PSCs (AEC = 10> km™') at 20 km

ICE NAT STS® (a) STS® (b) STS? (c) STS? (d)
. pm 10 0.5 0.5 0.5 0.5 0.5
o° 15 15 1.5 15 15 15
HNO;, wt% e e 37 15 3 0.5
H,S04, Wt% 5 33 47 60
HNO; bias, 10® cm™> 24 —-16.0 —0.09 1.2 2.0 2.0
HNOj bias,® ppbv 0.14 —0.96 —0.005 0.07 0.12 0.12
0, bias, 10'? cm™? 1.2 0.15 0.005 0.23 0.25 0.22
05 bias,! ppmv 0.74 0.09 0.003 0.14 0.15 0.13

“Supercooled ternary solution of HNO3/H,SO4/H,0.
®Mode radius.
“Standard deviation of a lognormal size distribution.

9Mixing ratios were calculated assuming the typical air number density at 20 km [Yokota et al., 2002; T. Yokota et al.,

unpublished manuscript, 2006].

trometer was simply estimated using a linear interpolation
and extrapolation from the aerosol absorption at four win-
dow wavelengths. This simple technique sometimes yields a
bias in the HNOj3; and O3 concentration retrievals, depending
on composition and volume of aerosols/PSCs that are
present in air masses observed. Similar to the work of Yokota
et al [2002] for ILAS, we performed a theoretical simulation
to quantify the magnitude of the HNO; and Oj; biases as a
function of aerosol extinction coefficient (AEC) at 780 nm
for several PSC compositions. As in the ILAS results, the
biases of the ILAS-II HNO; and O3 concentrations were
both well correlated with AEC in the simulations. Table 3
summarizes PSC composition and size distribution parame-
ters assumed in the simulations and the estimated biases of
the HNO; and Os concentrations for AEC = 107> km™ ..
AEC values less than 10~ km ™" are considered to include
typical PSC conditions, because about 95% of all the
ILAS-II AEC values at 20 km over the Antarctic were
less than 10 km™' for the period between April (late
fall) and October (early spring) 2003. For AEC values less
than 10> km ', the largest positive bias was possible in
the case of ice PSCs, but was less than 2.4 x 10® cm 3
(corresponding to about 0.14 ppbv HNO; at 20 km) for
HNO; and less than 1.2 x 10'% cm ™ (about 0.74 ppmv O
at 20 km) for Os. The negative bias in HNO; concentration
could reach 16.0 x 10® cm™ (about 0.96 ppbv HNO; at
20 km) in the case of nitric acid trihydrate (NAT), whereas
no negative bias in Oz due to the presence of PSCs is
predicted in any of the cases considered here.

3. Comparison With Balloon-Borne
Measurements
3.1. Approach

[o] The ILAS-II HNOj; vertical profiles are first compared
with those measured by two balloon-borne instruments:

Table 4. List of Balloon Measurements

(1) the Michelson Interferometer for Passive Atmospheric
Sounding-Balloon-borne version 2 (MIPAS-B2) instrument
[Oelhaf et al., 1996; Friedl-Vallon et al., 2004], which is a
cryogenic Fourier transform infrared (FTIR) spectrometer
measuring thermal emission from the limb of the atmo-
sphere, and (2) the MKIV instrument [7oon, 1991; Sen et
al., 1998], which is a solar occultation FTIR spectrometer.
For both MIPAS-B2 and MkIV, the HNOj profile used in the
present study was retrieved using the HITRAN2000 spec-
troscopic database as used in the ILAS-II version 1.4 algo-
rithm. The accuracy and precision of these balloon-borne
HNOj3; measurements at 20 km are about 10—12% and 5%,
respectively (Table 4). Vertical resolutions estimated from
the instantaneous fields of view of the instruments are about
1.2 and 2.0 km for MIPAS-B2 and MKIV, respectively. As
used in previous ILAS HNO; validation studies by Koike et
al. [2000] and Irie et al. [2002], these measurement charac-
teristics are sufficient to validate HNO5; measurements made
by satellite-borne solar occultation sensors.

[10] The measurements by MIPAS-B2 and MkIV instru-
ments were performed near Kiruna, Sweden (67.9°N,
21.1°E), during the night on 20 March 2003, and at sunrise
on 1 April 2003, respectively. On 20 March 2003, ILAS-II
measurements were made very close to the locations of the
MIPAS-B2 measurements; the distance between the ILAS-IT
and MIPAS-B2 measurement locations at an altitude of
20 km was only about 100 km (Table 4). The time
difference was only 6 hours at 20 km (Table 4). In addition,
the potential vorticity (PV) difference, based on United
Kingdom Met Office (UKMO) data, was only 4% at the
potential temperature corresponding to the 20-km altitude
of the MIPAS-B2 measurements. On the other hand, no
ILAS-II measurement was made on 1 April 2003, when the
MKIV measurement was made. However, forward isentro-
pic trajectories calculated from the time and location of the
MkKIV measurements using UKMO wind fields (Figure 1)

b

Accuracy,” Precision,® Distance, Time Difference,” PV Difference,®
Instrument Date % % km hour %
MIPAS-B2 20 Mar. 10 5 104 5.8 4
MKIV 1 Apr. 12 5 2500 (518—585)"  33.6 (<1.0)* 1

#One-o values at 20 km.

"Values between the ILAS-II and balloon measurement locations at 20 km.
“Values between the ILAS-II and balloon measurement locations at the same potential temperature level near 20 km.
%Values between the ILAS-II and MKIV air masses using trajectories at 20 km.
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