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ABSTRACT

A well-established technique for the determination of temperature in the middle atmosphere is the retrieval
of temperature profiles from density profiles of air. The measurement of air density profiles from the ground
and from space are typically determined from measurements of Rayleigh-scattered light. Most researchers using
the Rayleigh-scatter temperature technique do not state whether they correct their measurementsfor the absorption
of light due to ozone in the upper stratosphere. Such corrections may have been less significant for initial studies
of temperature, but with the current need for temperature measurements of sufficient quality to access atmospheric
change, these corrections take on an added importance. Significant improvement to the temperature measurements
in the stratosphere are shown to result by including this effect for any reasonable choice of ozone profile. Simple
correction functions are presented for temperature measurements, appropriate for low, middle, and high latitudes
evaluated at two of the three most common Rayleigh-scatter wavelengths, 532 and 589 nm. Though the 350-
nm wavelength is also commonly used for Rayleigh-scatter measurements, the effects of ozone at this wavelength
are found to be negligible. The correction functions increase the temperature in the middle stratosphere by about
as much as 4 K, with the largest corrections at the low latitudes and the longer wavelength, 589 nm. Deviations
from these baseline values due to seasonal variability in the ozone profile change the temperature correction by
less than 10%. Despite increases of two to three times of ozone in the mesosphere during the spring season,
mesospheric temperatures are found to not require any correction for ozone. Hence, even without explicit
knowledge of the ozone profile, experimenters can still significantly improve their Rayleigh-scatter stratospheric
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temperature measurements compared to not correcting for ozone absorption.

1. Introduction

The determination of temperatures from Rayleigh-
scattering measurements is an important remote sensing
technique for temperature determination, particularly in
the middle atmosphere, which is optically thinto visible
light. This technique is used by Rayleigh-scatter lidar
systems to retrieve temperature from photocount height
profiles above the region of aerosol scattering (approx-
imately 25 to 30 km). The retrieval of temperature from
the photocount measurement is possible by assuming
hydrostatic equilibrium and using the Ideal Gas law.
This method has been described in detail by Hauchcorne
and Chanin (1980) for an ozone-free atmosphere and
expanded on by Keckhut et al (1993). Leblanc et al.
(1998) have simulated this method in detail and present
estimates of the accuracy of theretrieval. Their analysis
includes (among other effects) ozone absorption and
mentions both the necessity of a correction and that the
correction is not strongly dependent on the choice of
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ozone profile. However, they do not explicitly show the
effect of ozone absorption on temperature retrievalsand
do not offer a correction for existing profiles in the
literature. Keckhut et al. (1990) discuss ozone correc-
tions for the determination of temperature in the tro-
posphere and lower stratosphere using vibration Raman
scattering from N,. Here, the correction is even more
important than for the middle and upper stratospheric
Rayleigh-scatter measurements.

In addition to the work of Chanin and colleagues,
numerous other groups have reported Rayleigh-scatter
temperatures, but with the exception of Chanin and col-
leagues, most groups do not claim to correct their mea-
surements for ozone absorption. Perhaps one reason
such corrections are neglected is that most systems do
not have access to simultaneous measurements of ozone
profiles, so the experimenter may feel that a reasonable
correction is not possible. Also, many current and all
older Rayleigh-scatter lidar have low to moderate pow-
er-aperture products, meaning that photon noise is the
predominant error source at most heights. For larger
power-aperture lidars, such as the Purple Crow Lidar,
the photon noise in the stratosphere becomes negligible
for integration times greater than about 15 min and
height resolutions greater than about 1000 m (Sica et
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Fic. 1. Mean ozone number density profiles used for the
temperature correction calculation.

al. 1995). Thus, the Purple Crow Lidar, as well as other
high power-aperture systems in operation or in the plan-
ning stages, allows temperature determinations relevant
to weather, as well as climate, to be measured. A stan-
dard correction for ozone is thus important both for
temperature studies as well as for evaluating strato-
spheric change.

2. Methodology

Absolute temperature profiles are obtained from Ray-
leigh-scatter lidar measurements of relative density by
assuming hydrostatic equilibrium and integrating the
Ideal Gas law from the greatest atitude downward. At
heights within about 15 km of the greatest altitude, the
accuracy of the temperature determination can be af-
fected by the choice of initial temperature (or pressure)
required to seed the integration. For most Rayleigh li-
dars currently in operation, the uncertainties in temper-
ature due to the choice of top temperature are negligible
below the stratopause. To quantitatively evaluate the
effects of ozone absorption, stratospheric temperature
profiles were calculated from density profiles with and
without a correction for ozone absorption as a function
of latitude and wavelength. An atmospheric transmis-
sion function for ozone is computed using the relevant
cross section and the appropriate ozone density profile,
as described below (e.g., Leblanc et al. 1998). First, the
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Fic. 2. Percent departures from the mean of the seasonal ozone

profiles used for the temperature correction calculation for high lat-
itudes (top), middle latitudes (middle), and low latitudes (bottom).

absorption coefficient at a given wavelength is calcu-
lated from knowledge of the cross section, o, using

ka(A) = a(A)[N(O)],
where n(O,) is the number density of ozone.

)

TasLE 1. Polynomial coefficients for the ozone temperature correction at 589 nm.

Location a, a, a, a,
Low latitudes 11.3 —0.0736 —1.36 X 102 2.14 X 10
Middle latitudes 14.2 —0.561 4.79 X 103 1.53 X 105
High latitudes equinox/summer 104 —0.442 5.27 X 103 —-1.19 X 10-°
High latitudes winter 19.3 -1.36 3.29 X 10 —2.70 X 10
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TABLE 2. Polynomial coefficients for the ozone temperature correction at 532 nm.
Location a, a, a, a,
Low latitudes 5.38 —0.0485 —5.87 X 1073 9.54 X 105
Middle latitudes 6.65 —0.0267 243 X 103 5.15 X 10°°®
High latitudes equinox/summer 4.83 —0.208 253 X 103 —6.36 X 107
High latitudes winter 8.88 —0.627 152 X 102 —-124 X 10*

The calculations at 589 nm are performed with a
Chappius band absorption cross section of 4.8 X 10-%
m2, while at 532 nm, the cross section is 2.2 X 10-2
m? (Brasseur and Solomon 1984). Ozone DIAL lidars
commonly make Rayleigh-scatter measurements in the
region of 355 nm (the “offline” wavelength), but the
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FiG. 3. Temperature profiles used for the correction calculation for
high latitudes (top), middle latitudes (middle), and low latitudes (bot-
tom).

ozone absorption at this wavelength is so small, on the
order of one-thousandth of the ozone absorption cross
section at 308 nm (1.05 X 10-2 m? at 355 nm), that
the corresponding Rayleigh-scatter temperature correc-
tion is negligible (Cacciani et al. 1989).

Average ozone density profiles appropriate for low
and middle latitudes for winter, spring, summer, and fall
are taken from Klenk et al. (1983) and are shown in
Fig. 1. The equinox and summer high latitude ozone
profiles are also from Klenk et al. (1983). These cli-
matologies, above 20 km, are from the Nimbus-7 solar
backscattered ultraviolet (SBUV) instrument. Low lat-
itude is defined as below 25° latitude, middle latitude
is from 25° to 65°, and high latitude is from 65° to 80°.
Since this experiment requires sunlight to retrieve
ozone, profiles were not available for the polar night.
For the high latitude winter case a zonally average pro-
file from the model of de Grandpré et al. (1997) was
used. These model calculations use only homogeneous
chemistry. The effect of polar ozone holes on the ozone
densities above 25 km is small. However, at these
heights, additional scattering from polar stratospheric
clouds is possible. Temperature corrections for cloud-
scattering effects are beyond the scope of this paper.

The seasonal deviations from the mean for these pro-
files is shown in Fig. 2. The deviations are calculated
as a percent difference of the individual profiles and the
mean of the four profiles at each latitude range. The
largest deviations are at high latitudes while the smallest
are at low latitudes, where the ozone number density is
largest. Figure 2 servestwo purposes. First, it highlights
the magnitude of the ozone seasonal variability. Second,
it allows the reader to develop afeel for the amount of
correction necessary for a given change in ozone. For
example, if one is concerned about what uncertainty a
change in ozone of 5% would have on the standard
correction given in (4), they can look at regions of 5%
changes in variability in ozone profiles and see the cor-
responding changes in temperature correction in Figs.
4 and 5. As will be discussed in section 4, for changes
of this level, the change in temperature correction is
small (a few percent) relative to the average value of
the temperature correction.

The calculation also requires the appropriate seasonal
averages for the total density and temperature. These
profiles are taken from the compilation given by Kantor
and Cole (1985), appropriate for the same latitudes and
seasons. The temperature profiles used are shown in
Fig. 3.
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Fic. 4. Corrected minus the uncorrected temperature as a function of height for high latitudes
(top), middle latitudes (middle), and low latitudes (bottom) at 589 nm. The thin solid line on the
left-hand side of each panel is the standard deviation of the profiles from their mean.

The optical depth, 7, isthen found in the usual manner
from

7z, A) = f Z o)) dz, @)

where z, is the atitude of the lidar, taken here to be sea
level. If considering satellite measurements of Rayleigh
scattering, the integral would be from the top of the
atmosphere to the height of interest.

Once the optical depth is known, the transmission is
given by Beer’s law:

T(z, A) = e @V, 3

For the calculations presented here, the true atmospheric
density is known. For a Rayleigh-scatter lidar sounding,
the experimenter obtains the product of the true relative
density and the transmission function. If ozone absorption
is present, the transmission from the surface to altitudes
above the absorption is constant but diminished relative
to the lower heights. Hence, above the absorption, the
temperatures retrieved from the relative densities are not
affected by absorption. However, the relative densities in
the absorption region are larger than the actua relative
densities, since measurements from these height are af-
fected by the absorption to a lesser extent than densities
above the absorption region. Hence, these measured higher
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Fic. 5. Corrected minus the uncorrected temperature as a function of height for high latitudes
(top), middle latitudes (middle), and low latitudes (bottom) at 532 nm. The thin solid line on the
left-hand side of each panel is the standard deviation of the profiles from their mean.

densities cause the retrieved temperatures to be lower than
the actual temperatures.

For the calculations here, we do the inverse problem.
Corrected temperatures are found directly from the
known densities. Uncorrected temperatures are found
by the dividing the model densities by a normalized
transmission function. The transmission function in (3)
is normalized to unity at the ‘“‘top” of the calculation
(e.g., 60 km), decreasing below unity where ozone ab-
sorption is present.

3. Results

Figures 4 and 5 show the difference between the cor-
rected and uncorrected temperature profiles for the four

seasons for backscatter returns at 589 and 532 nm. The
temperature changes are larger at 589 nm due to the
greater ozone absorption. The average correction for all
seasons is largest at low latitudes and smallest at the
pole due to the greater upper stratospheric ozone den-
sities at the lower latitudes.

Also shown in Figs. 4 and 5 is the standard deviation
of the temperature corrections due to seasonal vari-
ability. The seasonal variability in the correctionislarg-
est at the highest latitudes, particularly in the winter.
Notethat for the high latitude case, the variability shown
is only for the equinox and summer seasons, as the
winter temperature correction is significantly smaller
than the other cases. Except for the high latitude winter
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case, the standard deviation of the correction is much
less than the magnitude of the correction itself. Hence,
significant improvements to Rayleigh-scatter tempera-
ture estimates in the stratosphere can be made without
detailed knowledge of the ozone profile compared to
neglecting the correction.

Temperature measurements (K) reported without an
ozone correction can be increased by an amount given by

AT = a,22 + a,22 + a,z + a,, 4

where zis altitude and 25 < z < 50 km. The polynomial
coefficients, which give the mean temperature correc-
tion for the appropriate latitude, are given in Table 1
for 589 nm and Table 2 for 532 nm. Of course, indi-
vidual experimenters can correct the shape of their den-
sity profiles using whatever ozone profiles are most ap-
propriate. What is important is to provide a correction
for existing measurements in the literature, which have
not been corrected.

It is well known that the midlatitude mesospheric
ozone densities can show increases of factors of 3to 5
during the spring equinox in the 70-km altitude region.
Ozone profiles with a secondary peak in the upper me-
sosphere were used to determine if mesospheric ozone
could have a significant effect on retrieved temperatures.
Mesospheric ozone was found to have an insignificant
effect on temperature retrievals (changes on the order
of afew hundredths of a degree). Thus, corrections for
Rayleigh-scatter temperature retrievals for ozone ab-
sorption are only necessary in the stratosphere.

4. Summary

The result of these calculations show the need to cor-
rect Rayleigh-scatter measurements for ozone absorp-
tion. Fortunately, for most circumstances, the improve-
ments of the temperatures using the ozone climatol og-
ical mean is an order of magnitude or more better than
not applying a correction. Though the corrections are
small, they are not negligible. In the past, before large
power-aperture product lidars became available, such
corrections may have been less important, as the statis-
tical noise of the measurement was dominant, even in
the stratosphere. The photon noise in the middle strato-
sphere for the Purple Crow Lidar is negligible for in-
tegrations greater than tens of minutes. For studies of
possible anthropogenic temperature change, such as the
Stratospheric Processes and their Role in Climate
(SPARC) initiative to study stratospheric temperature
trends, corrections on the order of 1 K become critical,
particularly if measurement sets with and without the
correction are compared. It is important for the com-
munity to be aware of this effect and to correct for it.

In conclusion, correcting Rayleigh-scatter density
profiles for ozone absorption causes temperature in-
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creases of 3to 4 K at 589 nm and 1 to 2 K at 532 nm
around 30 km altitude. Seasonal variability in ozone
causes changes on the order of 10% of the above values,
except in the winter at high latitudes, where the de-
creased upper stratospheric ozone densities cause tem-
perature differences between corrected and uncorrected
temperature profiles 30% less than the other seasons.
Thus, improvements in Rayleigh-scatter temperature es-
timates are obtained in most situations using any rea-
sonable estimates or measurements of the ozone height
profile. Though the ozone changes used for these cal-
culations are based on seasonal changes, nightly or hour-
ly changes in ozone of the same magnitude produce
almost identical changes in the temperature derived by
Rayleigh-scatter lidars. Hence, these corrections can be
equally well applied to shorter timescales.
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