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[11 We report a new approach to the retrieval of ice particle temperature in the atmosphere
from midinfrared remote sensing observations. Two different in physical nature spectral
bands of water ice, the libration band near 850 cm™ ' and O-H stretch band at 3200 cm ',
are used simultaneously. The use of both bands in the unified least squares fitting
procedure enables one to enhance the stability of fitting, as well as to improve the
reliability and accuracy of retrieved ice temperature values. A set of reference spectra for
the least squares minimization is compiled from experimental temperature-dependent
optical constants for water ice that are available in the literature. The method is applied to
the observations made by the Atmospheric Chemistry Experiment Fourier Transform
Spectrometer (ACE-FTS) instrument on board the SCISAT-1 satellite. According to our
results, a combination of the vibration (3200 cm ') and rotation (850 cm™ ') bands within
a unified minimization procedure can significantly, by about 4K, reduce the upper
estimate of the total uncertainty in the retrieved temperatures from 12 K down to 8 K.
The average temperature of bright mesospheric ice clouds observed by ACE-FTS during
July 2005 is found to be about 131K, in contrast to the value of 135K retrieved from the

vibration band alone.

Citation: Petelina, S. V., and A. Y. Zasetsky (2011), Temperature of mesospheric ice particles simultaneously retrieved from
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1. Introduction

[2] Knowledge of actual temperatures of tiny ice particles
that form in the upper mesosphere during the local summer,
typically poleward of 50°N/S, is important for a better under-
standing of the physical mechanisms of ice formation and
growth in such remote regions. Furthermore, it is essential for
a correct interpretation of the observed variability and trends
in the upper mesospheric ice layers and their attribution to the
changes in neighboring environment that can be linked to
modern climate change [e.g., Thomas, 2003; Liibken et al.,
2007; Shettle et al., 2009]. When ice particles grow to opti-
cally visible sizes, they are referred to as polar mesospheric
clouds (PMCs) or noctilucent clouds (NLCs). These clouds
are composed of water ice that originally nucleates near the
mesopause, at the altitudes of 87 to 91 km [e.g., Rapp and
Thomas, 2006; Zasetsky et al., 2009a], consequently grows
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at rates that are still poorly understood [e.g., von Zahn and
Berger, 2003; Murray and Jensen, 2009; Zasetsky et al.,
2009b] and sediments down to 80—82 km, where it evapo-
rates, and forms a seasonally enhanced water vapor layer
[e.g., Urban et al., 2007].

[3] Much effort has been put into the analyses of the upper
mesospheric temperature and its relation to the observed
properties of ice particles. Investigation methods range from
the in situ measurements using the falling spheres technique
[Liibken, 1999] and various ground-based lidar observations
[e.g., Hansen and von Zahn, 1994; Gerding et al., 2007] to
modeling [e.g., Rapp et al, 2002] and satellite-based
observations that are integrated over a line of sight of 200 to
400 km in the atmosphere [e.g., Petelina et al., 2005; Hervig
and Siskind, 2006; Hervig et al., 2009a]. As the technology
of satellite based instruments advances further and offers a
high-quality data on a nearly global scale [e.g., Bernath et al.,
2005; Russell et al., 2009], the detection of water ice particles
and their properties in the signal integrated over a horizontal
optical path of 200-400 km long, particularly with respect to
the temperature retrieval, is becoming possible.

[4] First retrievals of the temperature of mesospheric ice,
which are independent of ice-free regions that are inevitably
present along the line of sight of satellite instruments, were
reported by Petelina and Zasetsky [2009]. The method uses
infrared spectral measurements across the 3200 cm ' O-H
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stretch band (vibrational mode) and is based on a strong
temperature dependence of the ice spectrum observed by
Clapp et al. [1995] in the study of frequency-dependent
optical constants of water ice at atmospherically relevant
temperatures. The ice temperature retrieval technique reported
by Petelina and Zasetsky [2009] was developed for the
solar occultation measurements of atmospheric extinction
by the Atmospheric Chemistry Experiment Fourier-Transform
Spectrometer (ACE-FTS). This technique was then success-
fully applied to the data obtained by the Solar Occultation
For Ice Experiment (SOFIE) on the Aeronomy of Ice in the
Mesosphere (AIM) satellite [Hervig and Gordley, 2010]. As
shown in the abovementioned papers, the derived “true” ice
temperature was, on average, 5° to 30° colder than the
atmospheric temperature retrieved by the standard opera-
tional algorithms from CO, observations. Such difference is
not unexpected because of several issues inherent to satellite
remote sensing, such as very long optical paths sampled, wide
fields of view, and interstitial warm regions along the optical
path. We also note that near the temperature minimum of the
mesopause, any vertical smoothing will tend to produce
vertically averaged temperatures that are biased high with
respect to the true local temperature.

[5] While the “true” temperature of mesospheric ice par-
ticles (further referred to as “ice temperature™) is retrieved
from the O-H stretch band measurements independently of
the surrounding air temperature, its values are subject to
several sources of errors: uncertainties in the range of 9 to
12K have been reported by Hervig and Gordley [2010] and
Petelina and Zasetsky [2009], respectively. Moreover, it seems
rather difficult to enhance the accuracy of such retrievals based
on the O-H stretch spectral feature alone. One source of these
uncertainties arises from a relatively low intensity of ice signal
in observed infrared spectra (which translates to a low signal-
to-noise ratio) due to low water content in the upper meso-
sphere. The other source of uncertainties is that the band
shape of the O-H stretch mode also depends on the shape of
ice particles, and the particle shape effect on the O-H band
shape resembles, to a certain extent, the corresponding tem-
perature effect on the extinction spectrum of ice. The diffi-
culties are compounded by the fact that there have not yet been
reported any single set, or a compilation of several consistent
sets, of optical constants for water ice (and other atmospheri-
cally relevant condensed matters) over required temperature
and wavelength ranges measured with the desired precision.

[6] In this work, we improve the accuracy of ice tempera-
ture retrievals by using an additional (to the O-H stretch
band at 3200 cm ') spectral feature of the ice spectrum cen-
tered, at typical temperatures needed for the mesospheric ice
formation, near 850 cm™ . This broad spectral mode between
500 and 1000 cm ™' is attributed to the rotational motion of
the permanent dipole moment of water molecules and is often
referred to as the libration band. There are several advantages
in the simultaneous use of both the O-H stretch (vibration)
band and the libration band. First, the magnitude of the res-
onant effect, which is a primary cause of the particle shape
effect on the absorption band shape, is dependent on the
absolute value of the imaginary index of refraction n” (see
below). Thus the retrievals are expected to be much less
affected by the shape of ice particles in the region from 400
to 1000 cm ' (in which the values of n” are at least 5 times
lower than those in the O-H stretch region).
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[7] Second, the reorientations of H,O molecules respon-
sible for absorption near 850 cm ! are totally different in
nature from the O-H valence vibrations responsible for the
3200 cm ™' band. Therefore, we are looking at two different
kinetic temperatures, namely translational temperature of
the O-H vibrations and rotational temperature of the water
molecule librations. In other words, we simultaneously use
two different physical mechanisms for the characterization
of temperature of the same material and therefore expect to
determine it more accurately. Moreover, due to its rotational
origin, the position of the libration mode depends strongly
on temperature [Zasetsky and Gaiduk, 2007]. In order to test
its accuracy and reliability, the proposed new method is
applied to the ACE-FTS PMC spectra recorded in July 2005.
A more detailed description of the instrument and PMC
detections is given by Bernath et al. [2005], Eremenko et al.
[2005], and Zasetsky et al. [2009a] and will not be repeated
here. The ACE-FTS parameters relevant to PMC studies are
as follows. Vertical field of view is 4 km, which increases
the likelihood to observe warmer (ice-free) regions together
with colder (ice-rich) regions in the mesosphere. The lowest
frequency for ACE-FTS spectra is 800 cm ', which does
not allow one to use the entire libration band in the tem-
perature retrievals. This low-frequency cutoff at 800 cm ',
however, does not halt the use of this spectral feature as the
peak position of the libration band is shifted toward higher
frequencies (850 cm') at the temperatures typical for
mesospheric ice particles. In addition to these restrictions in
remote sensing observations, the values of optical constants
for water ice at the summer mesospheric temperatures have
only been reported in the frequency range of 800 cm ' and
higher [Clapp et al., 1995].

2. Methodology

[8] The extinction spectrum of a particle with the radius »
normalized by the particle volume is computed as follows:

Keal) = 2 Qealrs ()], 1)

where n* (w) = n'(w) + in"(w) is the complex index of
refraction, w is the angular frequency and Q,,, is the extinc-
tion efficiency that can be computed using Mie theory
[Bohren and Huffman, 1983], T-matrix [Mishchenko and
Travis, 1998], or discrete dipole approximation (DDA)
[Purcell and Pennypacker, 1973; B. T. Draine and P. J.
Flatau, User guide for the discrete dipole approximation code
DDSCAT.6.0, 2003, astro-ph/0309069, http://arxiv.org/abs/
astro-ph/0309069] methods. In the present work the DDA
method is used for the error estimates. For temperature
retrievals we use the T-matrix method and the inversion
procedure similar to that described in detail by Zasetsky et al.
[2004], Eremenko et al. [2005], Zasetsky et al. [2007], and
Petelina and Zasetsky [2009]. The main difference of the
current inversion procedure from that described in the above
papers is that the ice particle shape is also used as an adjust-
able parameter. Following the approach of Hervig and
Gordley [2010], we use randomly oriented oblate spheroids
where the axial ratio parameter is allowed to vary, and the
T-matrix code of Mishchenko and Travis [1998].
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Figure 1. Temperature effect on the height and position of
imaginary index of refraction for water ice in the region of
500 to 1000 cm™'. Shown experimental data are: 100K
[Bertie et al., 1969], 130K [Clapp et al., 1995], 163K [Toon
et al., 1994], and 235K [Zasetsky et al., 2005].

[9] Optical constants of water ice in the range from 800
(the low-frequency limit for the ACE-FTS observations) to
1000 cm ™' and from 2800 to 3500 cm ' are used in the
extinction calculations. The addition of the libration mode
from 800 to 1000 cm ™" has several advantages. First, as was
mentioned in section 1, it is a rotational band and, therefore,
is more sensitive to variations in temperature. This is shown
in Figure 1 where the height and position of the peak in
imaginary index of refraction for water ice in the region of
500 to 1000 cm™ " are plotted for several values of temper-
ature typical for mesospheric conditions. Second, because of
lower frequencies and lower intensities, this mode is not as
strongly affected by the particle shape as the O-H stretch
mode. This is illustrated in Figure 2 where this part of the
spectrum, computed for spheres, spheroids, and hexagons at
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130K, is shown. Therefore, addition of the libration mode to
the analysis enables us to reduce uncertainties associated
with the particle shape effect on the band shape of the O-H
stretch mode, and thus imposes tighter constrains on the
retrieved temperature values.

[10] Experimental optical constants, in particular their
reliability and accuracy around the 850 cm™ ' band, deserve an
extended description. Several research groups have reported
difficulties with determining these constants at frequencies
below 1000 cm™'. We excluded from our analysis data of
Warren [1984] and Warren and Brandt [2008] measured for
ambient temperatures of ~266K, and focus on the ice optical
constants measured at temperatures below the temperature of
homogeneous ice nucleation. Clapp et al. [1995] reported the
discrepancy between the experimental and calculated spectra
near 850 cm_l, which was attributed to the truncation errors
in the Kramers-Kronig integration. A similar problem was
noted in the study by Toon et al. [1994], even though their
spectral region was extended down to 500 cm™'. In their
work, results for imaginary index of refraction were extended
to lower frequencies using the data of Bertie et al. [1969] in
order to enhance the accuracy of Kramers-Kronig integration.
Despite this effort, Toon et al. [1994] stated that “the value
of the imaginary index of refraction derived at 500 cm ™" is
unreliable due to the high measured transmission at that
wavelength.” We note that the above statement appears to
be about the region with low absorbance near 500 cm ™', but
not around the absorption maximum at 850 cm™'. As for the
850 cm ! band, Toon et al. [1994] found substantial dif-
ferences from the results of Bertie et al. [1969], which the
authors attributed to the temperature effect.

[11] At higher temperatures of 200 and 235K, the refractive
indices of ice in the frequency range from 460 to 5900 cm '
were reported by Zasetsky et al. [2005]. In their treatment of
lower frequencies by the Kramers-Kronig integration, the
authors synthetically included the 200 cm™' translational
mode and the dielectric relaxation mode in the microwave
region with the temperature-dependent parameters taken
from experimental studies to reduce integration errors. In the
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Figure 2. Simulated effect of a chosen particle shape on the ice band shape in the region (left) 800—
1000 cm ' and (right) 3000-3500 cm™ ' at a temperature of 130K.
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Figure 3. ACE-FTS transmission spectrum for a typical
PMC with the average brightness recorded at 67.9°N and
86.9°W at an altitude of 83.8 km on 14 July 2005.

review study of optical measurements of aerosol, Wagner
et al. [2009, Figure 10e] found that the best agreement in
the atmospheric window region from 800 to 1500 cm ' is
achieved with the optical constants reported by Zasetsky
et al. [2005].

[12] As mentioned before, temperature effects on the
position and strength of the libration band are illustrated in
Figure 1 for the following three main sets of ice optical
constants: Clapp et al. [1995] for 130K, Toon et al. [1994]
for 163K, and Zasetsky et al. [2005] for 235K. These curves
are consistent in terms of variations with temperature. Note
that the data of Bertie et al. [1969], also shown in Figure 1,
appear to fall out of this sequence and, therefore, are not
included in our analysis. The above three sets of optical con-
stants show nearly linear (as a first approximation) depen-
dencies of the peak position and its magnitude on temperature.
The linear coefficients found from these three sets are
—0.7 cm™ /K for the position and 0.06 K™' for the magnitude
of the peak. Note that the temperature dependence of the peak
position is about 2.5 times larger and is opposite in sign to the
coefficient (0.23 cm™'/K) reported by Clapp et al. [1995] for
the O-H stretch peak, which is indicative of different phys-
ical origins of these two bands. In line with the above reasons,
for the frequency range between 800 and 1000 cm ™' we use
interpolated optical constants over the temperature interval of
235 to 120K (120K data is a linear extrapolation) obtained
from the three main sets of optical constants discussed above.
For the O-H vibrational mode, the original data of Clapp
et al. [1995] in this frequency region are used.

[13] The error analysis has been carried out by a standard
approach in which the total error is a combination of random
and systematic errors. The estimates for random (fitting) errors
are performed assuming that they are distributed normally
with zero mean. The calculations based on x? values give the
uncertainty of about 6K for the lowest examined cloud den-
sity (0.02 pm’/cm?) and about 3K for the cloud with density
larger than 0.08 pim>/cm?>. It should be noted that the addition
of the 850 cm ' band to the analysis has resulted in the
reduction of fitting error values by about 4-5K as compared
to those reported by Petelina and Zasetsky [2009]. The
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systematic error, associated with the uncertainties in the
experimental optical constants, is not well quantified. Possi-
ble errors in the reported optical constants are a matter of
concern as spherical particle shapes were used to determine
the optical constant in work by Clapp et al. [1995]. According
to our present knowledge, the mesospheric ice particles are
nonspherical and can be successfully approximated by spher-
oids, cubes, or hexagons [e.g., Eremenko et al., 2005; Hervig
et al., 2009b]. No measurements were performed thus far to
distinguish between the above three shapes. With a projected
uncertainty of ~2 K due to the ice particle nonsphericity,
which is not accounted for in the reported optical constants,
the total error in the ice particle temperature retrieved in this
work is estimated within the range from 5 to 8K, depending
on the density of ice particles in PMCs.

3. Results and Discussion

[14] About 100 PMC observations made by ACE-FTS in
July 2005 were analyzed with the described method that
combines libration and vibration bands. To ensure high
accuracy, onlgf clouds with the total ice volume exceeding
0.02 pm’/cm’ were used for temperature retrievals. A typ-
ical ACE-FTS transmittance spectrum in the mesosphere
with a prominent signature from a PMC near 3200 cm ™' is
shown in Figure 3. As mentioned before, the lowest fre-
quency for ACE-FTS observations is around 800 cm .
Spectral features near 800 and 3200 cm ' in Figure 3 are
indicative of the presence of ice particles with the size
smaller than 100 nm. The presence of larger particles would
have resulted in a visible scattering contribution at the high
wave number end of the spectrum. However, as follows
from many recent publications [e.g., Hervig et al., 2009a;
Robert et al., 2009, and references therein], the PMC par-
ticle radii are typically smaller than 70 nm.

[15] As can be seen from Figure 3, the noise level for the
ACE-FTS spectrum can be relatively high in the case of
moderately bright clouds. For this reason we have applied
the smoothing preprocessing using a filter based on the
wavelet transforms [Zasetsky et al., 2004]. As described in
detail in the above work, the filtering parameters have been
carefully optimized to ensure that all significant features in
the ACE-FTS spectra are intact. An example of the
smoothed extinction spectrum with its best fit is shown in
Figure 4. It is apparent that the spectra of ice represented
by randomly oriented oblate spheroids computed with the
T-matrix method of Mishchenko and Travis [1998] fit well
to the observed spectrum.

[16] The results for mesospheric ice temperatures retrieved
using both the 850 cm ™' libration and 3200 cm ' vibration
bands are shown in Figure 5 by the black thombs. The solid
vertical line at about 131K indicates the mean ice temper-
ature for these data. The temperatures retrieved for the same
ACE-FTS PMC data set using the vibration band only is
shown by the transparent squares, while its mean value, at
about 135K, is indicated by the dashed vertical line. The
standard ACE-FTS temperature (gas phase) retrieved by the
operational algorithm of Boone et al. [2005] using a global
nonlinear least squares fit to the CO, spectral features at
930-940 cm ', 1890-2450 cm ', and 3300-3400 cm™" is
shown by the gray squares. It can be seen that the gas phase
retrievals yield the temperature values for PMCs that are
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Figure 4. Typical example of the ACE-FTS PMC extinc-
tion spectrum in the 800—1000 and 28003500 cm™ ' regions
(gray area) together with the best fit by the computed spec-
trum of randomly oblate spheroids with the axial ratio of 1.9
(black curve). The spectrum (occultation number ss10332)
was taken on 21 July 2005 near 67°N and 50°W at an altitude
of 82 km.

sometimes higher than 150K, which is the ice freezing
temperature at the lowest PMC altitudes (80-82 km).
Although these gas phase temperatures are not used in the
present work, we would like to comment on the occasional
presence of such higher than expected values. They can be
attributed to a combination of the effects of wide instrument
field of view and presence of warm ice-free regions along
the instrument line of sight. The first effect seems to domi-
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Figure 5. Ice particle number density versus ice tempera-
ture retrieved in this work (black rhombs) in comparison
to that obtained by Petelina and Zasetsky [2009] from the
O-H stretch band alone (open squares) and gas phase (CO,)
rotational lines (gray squares). The solid vertical line indi-
cates mean ice temperature retrieved from both 850 cm ™' and
3200 cm ! bands, while the dashed vertical line indicates that
retrieved from the 3200 cm ™' band only.
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nate as warm biases are expected (and unavoidable) in the
occultation-type observations due to large temperature gra-
dients within the field of view. The second effect is typical
for latitudes considered here (65°N-70°N) compared to
higher latitudes. Also we are not aware of any systematic
statistical (fitting) errors in ACE-FTS gas phase temperature
retrievals that could result in them being systematically
higher at mesospheric altitudes [Sica et al., 2008].

[17] It should be noted that the possibility of 3—8 K tem-
perature difference between gaseous species and ice particles
in the mesosphere has been reported by Espy and Jutta
[2002]. Such temperature difference, found from model
simulations of an instant radiative heating of ice at mesopause
altitudes, will likely be much lower in our case. First, most
PMCs observed by ACE-FTS are located below 86 km (as
the instrument is not sensitive to small particles nucleating
at mesopause altitudes). Second, for medium and bright
PMCs considered in this work, the temporal redistribution
of the kinetic energy between particles and gas molecules
should bring their equilibrium kinetic temperatures closer
to each other.

[18] A difference between the mean ice temperature
retrieved from the 3200 cm ' vibration band alone (135K)
and that obtained after adding the 850 cm ™' libration band
(131K) is apparent in Figure 5. An addition of the latter
band to the analysis shifts the mean ice temperature by
about 4K, which is significant for mesospheric processes
where even a 2K change in temperature can be very important
[e.g., von Savigny et al., 2007]. As described before, the
uncertainty for individual data points shown in Figure 5
results from a combination of several random uncertainties
and, in the worst case scenario, can be up to 8K for black
rhombs (a combination of vibration and libration bands) and
up to 12 K for transparent squares (vibration band alone).

[19] The density of ice particles, calculated with the
retrieval procedure described by Zasetsky et al. [2004] and
new ice temperature presented in Figure 5, is shown in
Figure 6 as a function of tangent altitude. We note that,
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Figure 6. Density of ice particles as a function of their tan-
gent altitude retrieved from the ACE-FTS PMC spectra in
July 2005. Diamonds represent individual observations with
density retrieved for the thickest layer in a PMC profile.
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Figure 7. Probability distribution for the retrieved ice par-
ticles axial ratio values when particles are treated as ran-
domly oriented oblate spheroids.

same as in our earlier work [Petelina and Zasetsky, 2009],
the ice volume density has been calculated first, but then
converted into the ice particle density for illustration pur-
poses. The latter values are determined from the ice mass
density under the assumption that particles have an effective
radius of about 60 nm. As was described in our early pub-
lications [e.g., Zasetsky et al., 2009a; Zasetsky et al., 2009b;
Petelina and Zasetsky, 2009], the ACE-FTS infrared spectra
are sensitive to the volume of ice (or ice mass density), but
not to the variations in the size of ice particles within the
10-100 nm range. Therefore, our assumption on the particle
effective radius of 60 nm, based on the coincident data
measured by a different satellite instrument as described by
Eremenko et al. [2005], does not affect the results presented
in this work. We also note that the contribution of ice
particles with radius < 10 nm to the total volume is small
and therefore can hardly be detected by ACE-FTS (this is a
threshold of ACE-FTS ice delectability) and thus are not
accounted for in this study.

[20] The vertical distribution of the ice particle number
density shown in Figure 6 is somewhat nonuniform, but in
general the density increases with decreasing altitude. How-
ever, this increase in density with decreasing altitude is not
as prominent compared to some other recent studies [e.g.,
Hervig et al., 2009a]. We attribute this fact to a wider field
of view of the ACE-FTS instrument that does not allow for
high enough vertical resolution of the observed PMCs. At
the same time, the ice number density at altitudes above
87 km, where the nucleation of ice particles typically occurs,
is about 4 times smaller than that at 81 km. This is in good
agreement with the results of modeling and remote sensing
observations [e.g., Rapp and Thomas, 2006; von Zahn and
Berger, 2003; Hervig et al., 2009a]. The ice number den-
sity maximizes near 81 km, which agrees well with simula-
tions and observations. As the temperature at the altitudes
between 80 and 82 km in the summer polar mesosphere is
often higher than the ice freezing point, ice particles evaporate
quickly and are rarely seen below 80 km [e.g., Liibken, 1999;
Rapp and Thomas, 2006; Feofilov and Petelina, 2010]. It
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should be noted that due to the 4 km wide field of view, and
also because clouds in the near and far field of view tend to
appear to reside lower than they actually are, PMCs observed
by the ACE-FTS instrument below 80 km are excluded from
the present analysis.

[21] The distribution of axial ratio (AR) values for oblate
spheroids, which are commonly used to represent ice crystals,
is shown in Figure 7. These AR values for ACE-FTS PMCs
are determined simultaneously with the new ice particle
temperature. This is done using the same method as described
by Hervig and Gordley [2010], and our results are in a good
agreement with the SOFIE results. We found that, on average,
the AR of 1.9 is best suited to model the ACE-FTS extinction
spectra of ice particles in the mesosphere. Note that in con-
trast to Hervig and Gordley [2010], we were not able to
differentiate the AR values over tangent heights or tempera-
tures because of relatively small number of the measure-
ments analyzed.

4. Concluding Remarks

[22] An improved technique for the retrieval of the tem-
perature of ice particles formed in the Earth’s upper meso-
sphere is described in this work. A combination of the
libration 850 cm™ ' band and the vibration 3200 cm ™' band in
the spectrum of water ice is used. The technique is applied to
~100 PMC observations made by the ACE-FTS satellite
instrument in July 2005. The estimated total uncertainty in
the temperature retrievals with this new method is found to
be 8K, or less, and is reduced by about 4-5K as compared
to the results obtained using the 3200 cm ' band alone.

[23] The mean ice temperature of 131K in July 2005
retrieved in this work agrees well with the value of 131—
132K observed in July 2008 by the SOFIE instrument below
86 km [see Hervig and Gordley, 2010, Figure 6a]. We focus
on this altitude range in SOFIE observations because only
bright ACE-FTS PMCs are used in this work, and it is well
known that bright clouds tend to be at lower altitudes.
Although SOFIE retrievals are not based on a simultaneous
analysis of the O-H stretch and libration bands, the quality of
their measurements and retrievals are high, with the reported
uncertainty on the order of 9K or less. By adding the 850 cm ™'
libration band to the analysis of ACE-FTS data, we have
reduced the uncertainty of 12K in the retrieved ice tempera-
ture values earlier reported earlier by Petelina and Zasetsky
[2009] to 8K, or less, which is comparable to that of
SOFIE. This makes the ACE-FTS long-term (2004 to
present) data set on PMC events in both hemispheres even
more important and potentially interesting for studying
interseasonal and interhemispheric variability and trends in
mesospheric properties. Such analysis is not a part of the
present study, but is planned to be carried out in the near
future.

[24] The present study has exposed once more a crucial
role played by experimental optical constants and a strong
need for a consistent set of accurate optical constants for
water ice in the frequency range of 400 to 5000 cm™ ' and
the temperature range from 120 to 200K. The uncertainty in
experimental optical constants may contribute more than
50% to the total uncertainty of the retrieved ice temperatures.
If the exact values for these constants were known, the ice
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temperature uncertainty would be reduced down to 4-6 K
(depending on the brightness of individual PMCs). Another
way to reduce the ice temperature retrieval errors is to
increase the signal-to-noise ratio in the low-frequency
region < 1000 cm ', together with the extension of infrared
observations down to 400 cm '. In summary, combining
IR measurements in the vicinity O-H stretch band (3200 cm ),
which puts tight constraints on the particle shape, with low
noise measurements near H,O libration band (850 cm™"),
which is sensitive to temperature due to its rotational nature,
may reduce the statistical (fitting) error in ice temperature
retrievals to 2—4 K.
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