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Key Points:
e Climatologies of mesospheric temperature and their geophysical variability from 11
years of USU Rayleigh lidar observations are presented
e Significant features in both: October “cold island”, January “cold valley”, 170 K
mesopause, seasonal variability decreasing with altitude
e These climatologies compare well to those from the French and Canadian, mid-latitude

(40° to 45° N), Rayleigh lidars

Short Title: Rayleigh lidar temperature and variability climatologies
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Abstract

From 1993-2004, 839 nights were observed with the Rayleigh-scatter lidar at Utah State
University’s Atmospheric Lidar Observatory. They were reduced to obtain nighttime
mesospheric temperatures between 45 and ~90 km, which were then combined to derive
composite annual climatologies of mid-latitude temperatures and geophysical temperature
variability. At 45 km, near the stratopause, there is a ~250 K temperature minimum in mid-
winter and a 273 K maximum in mid-May. The variability behaves oppositely, being 7-10 K in
winter and 2.5 K in summer. At 85 km, there is a 215 K temperature maximum at the end of
December and a 170 K mesopause minimum in early June. In contrast, the variability is roughly
constant at ~20 K. -At both low and high altitudes, the temperatures change much more rapidly
in spring than in fall. The transition between these opposite temperature behaviors is 65 km.
Distinctive temperature structures occur in all regions. In mid-winter, between 45 and 50 km, a
6 K warm region appears, most likely from occasional sudden stratospheric warmings. Above
that, a “cold valley” extends to 70 km, which may be related to the bottom side of intermittent
inversion layers. Both regions have increased variability. Near 85 km, there is a very rapid
heating event of 25 K/month in August with high variability. In October, a temperature
minimum, a “cold island”, occurs from 78-86 km with low variability, indicating a regular
feature. These USU results are compared extensively to those from other mid-latitude lidars in

Canada and France.
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Plane Language Summary

We present the results from 11 years of observations of the mesosphere, the 45-90 km
portion of the middle atmosphere. We used a Rayleigh lidar, a radar-like system that uses pulses
of light that are backscattered from atmospheric molecules. We obtained good data from 839
nights above northern Utah. From these, we derived altitude profiles of neutral temperature. We
combined these profiles to construct climatologies of how the temperatures evolve day-by-day
during the year and how much they can vary on a given day. As expected, in the lower
mesosphere, the summer was warmer than the winter. In addition, the winter had much greater
variability, indicating the likely contribution of competing, time-varying, geophysical heating
and cooling processes. But, in the upper mesosphere, the summer was much colder than the
winter. The coldest temperatures occurred in June at the mesopause, which we found to be 170
K at 85 km. In contrast, the mid-winter temperature was 45 K warmer. While the variability at
these higher altitudes was much greater because fluctuations grow with altitude, it was almost
constant throughout the year. Comparisons with data from French and Canadian Rayleigh lidar

groups that observe at similar latitudes found very similar results.
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1. Introduction

The temperature structure of the atmosphere is a very distinctive feature, serving as the
basis for defining the different atmospheric regions. The temperature climatology provides
fundamental information about the energetics of these regions and serves as a reference for
evaluating first-principle models. It is also a reference for detecting and exploring unusual
events or phenomena. Regular measurements of much of the middle atmosphere were very
difficult prior to the advent of Rayleigh-scatter lidar. Balloons, which are used in the
troposphere and stratosphere, typically reach altitudes less than 30 km. Likewise, special high-
flying aircraft have a similar altitude ceiling. Resonance lidar observations only begin above 80
km. Airglow observations only begin above 85 km. Rocket soundings are infrequent because of
their expense. Until recently, satellite remote-sensing observations had poor altitude resolution
and, in any case, are unable to provide time evolution above selected locations. Rayleigh-scatter
lidar observations (Hauchecorne and Chanin, 1980) changed this situation. Regular mid-latitude
observations between 40° and 45° N latitude throughout most of the mesosphere have been
undertaken by the French (Hauchecorne et al., 1991; Keckhut et al., 1993; Leblanc et al., 1998)
since 1978, by our group (Wickwar et al., 1997; Beissner, 1997; Wickwar et al., 2001; Herron,
2004, 2007) from 1993 through 2004, and by the Canadians (Sica et al., 1995; Argall and Sica,
2007; Jalali et al., 2016) since 1993. Observations have also been carried out in other latitude
regions. For instance, at a higher latitude, 54.1° N, the Germans have been making such
observations since 2002 (Gerding et al., 2008). And, at lower latitudes, 34.4° N and 19.5° N, the
lidar group from the Jet Propulsion Laboratory has been making such observations since 1990
and 1993, respectively (Leblanc et al., 1998). Such frequent, long-term measurements are

necessary for exploring this region and for producing good climatologies of temperature and
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temperature variability. As of 2004, our data set, based on 5972 hours from 964 nights of
Rayleigh lidar observations spanning 11 years, was one of the longest data sets in the 40°-45°
mid-latitude region and one of the densest from that period. In this paper, we present the
mesospheric temperature composite annual climatology between 45 and approximately 90 km
above the Atmospheric Lidar Observatory (ALO) on the campus of at Utah State University
(USU) in Logan, Utah (ALO-USU). We also present the climatology of the composite
geophysical temperature variability. The significance of these climatologies are, above all, to
provide a background against which theory and model calculations can be compared to see if the
effects of radiation, winds, waves, and chemistry are properly understood. In addition, they
provide a reference against which to compare temperatures from various subsets of the data to
look for unusual or special conditions, and a reference to make comparisons with other
climatologies to investigate longitudinal and latitudinal differences. Besides presenting these
two climatologies, this paper sets the stage for subsequent papers that will examine the data in
other ways and make comparisons with other data sets and models. The lidar and data reduction
are described in Section 2, the observations are presented in Section 3, they are discussed in
Section 4 along with comparisons to other mid-Ilatitude lidars, and the summary and conclusions

are given in Section 5.

2. Description of the Lidar and Data Reduction

The original Rayleigh-scatter lidar operated on the USU campus at ALO-USU (41.74°N,
111.81°W, and 1466 m), which is part of the Center for Atmospheric and Space Sciences
(CASS), from August 1993 through December 2004. The lidar consisted of a frequency-doubled

Nd:YAG laser operated at 532 nm with a repetition rate of 30 Hz. During this period two lasers
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were used at different times: one had an average power of 18 W, the other 24 W. The laser was
Q-switched, providing a short pulse of ~7 ns. The backscattered light was collected by a 44-cm
diameter Newtonian telescope, which gave a system power-aperture product of 2.7 or 3.6 Wm?,
depending on the laser. The telescope focused the backscattered light onto a field stop at the
prime focus, giving a field of view approximately 3 times that of the 0.5 mrad laser divergence.
Its light then passed through a field lens to another lens that focused the light onto the plane of a
mechanical chopper. Another lens collimated that light and passed it through a narrow-band,
high-transmittance interference filter (1 nm and 80%) and into a cooled photomultiplier tube
(PMT) housing (Products for Research) that held a green-sensitive, bi-alkali PMT (Electron
Tubes 9954). The narrow, high-transmittance filter and cooled PMT housing helped extend the
acquisition of good data to as high an altitude as possible. The 1466-m altitude of ALO also
helped in that regard. The basic altitude resolution was 37.5 m, corresponding to a range bin of
250 ns. The returns from 3600 pulses were summed before they were recorded to disk, giving a
minimum time resolution of 2 minutes. The data can be integrated afterwards in the data
reduction in both altitude and time. For this study, they were integrated over 3 km in altitude and
all night in time. However, the calculations were still carried out every 37.5 m. Most of the
observations started approximately an hour after sunset and ended approximately an hour before
dawn. The intent was to make all-night observations. However, because of clouds, on some
nights the observations ended early and on roughly an equal number of nights they started late.
A more detailed description of the lidar is given elsewhere (Beissner, 1997; Wickwar et al.,
2001; Herron, 2004, 2007).

The lidar signal is composed of backscattered photons, background photons, and dark

counts. To protect the PMT from large, low-altitude signals, a mechanical chopper blocked most
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of the return from below 20 km, and electronic gating in the PMT reduced the gain by about a
factor of 700 below 38 km. We appeared to obtain better PMT behavior when using both the
chopper and electronic gating. Good data after the gate turn-on were acquired starting at
approximately 41 km. This relatively high altitude also ensured that the PMT count rate was in
its linear range, which was essential for deriving good temperatures. At and above this altitude,
possible extinction by stratospheric aerosols (Hauchecorne et al., 1991) and absorption by Os
(Sica et al., 2001) can be neglected. At higher altitudes, there is the possibility of Mie scattering
from ice crystals in noctilucent clouds (Wickwar et al., 2002; Herron et al., 2007), but they occur
rarely at this latitude and stand out clearly in the return signal. Consequently, the altitude-
dependent signal above 41 km is effectively due only to Rayleigh scattering. The returns are
measured out to an altitude of 525 km. Extended regions between 120 and 350 km can be used
to enable both an accurate and precise determination of the background signal and, on occasion,
to provide a diagnostic tool for the detector system. Once a suitable background level is
determined and subtracted, the signal is corrected for the inverse range-squared falloff of the
return signal. The resulting profile is proportional to molecular density and is integrated
downward to determine profiles of absolute temperature by assuming the atmosphere is in
hydrostatic equilibrium and obeys the ideal gas law (Hauchecorne and Chanin, 1980; Beissner,
1997; Herron, 2004). To do this, we need the mean molecular mass. Because the downward
integration begins at or below 95 km, it is assumed that turbulent mixing leads to a constant
mean molecular mass based on 78.1% N, 20.9% O, and 0.93% Ar (Goody and Yung, 1989).
We also need the gravitational acceleration normal to the geoid as a function of altitude. We
used the very detailed formulation provided by NIMA (2000). A major strength of the Rayleigh

lidar technique is that the temperature profiles are independent of time variations in the
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atmospheric transmittance (mostly arising from thin clouds and aerosols) and laser power. The
temperatures do not have to be calibrated. However, they do depend on very good observational
and data reduction procedures. More generally, a detailed discussion of the analysis procedure
and its verification using extensive simulations is given in Herron (2004).

To calculate the absolute temperature, an a priori knowledge of the temperature at the
start of the downward integration is necessary. The initial values were taken from the 8-year
climatology from the sodium lidar at Colorado State University (CSU) (She et al., 2000), which
was only 575 km away and just over 1° equatorward of ALO-USU. The CSU temperatures were
from 1990 to 1999, covering much of the same time period as the ALO-USU data. The use of
this nearby climatology in deriving our Rayleigh climatology should be more appropriate than
using an empirical model such as NRLMSISe-00 (Picone et al., 2002). However, because of the
existence of large amplitude temperature waves, with amplitudes as great as 20 K, that we
identified in a noctilucent cloud study (Herron et al., 2007), a climatological initial temperature
could still have a large error, too high or too low, at the highest altitudes for a given night. But,
averaging together the many nights that go into our composite climatology minimizes the effect
of these and other waves at the highest altitudes. At lower altitudes, these initial values are not
significant because any systematic error from this initial temperature decreases rapidly with the
downward integration because of the exponentially increasing density. For instance, using a
neutral-density scale height of 7 km, any difference between the derived and actual temperatures
decreases by a factor of ~4 after 10 km of integration and by a factor of ~17 after 20 km. Thus,
the Rayleigh temperatures become independent of the initial values after a relatively short
distance.

The starting altitude for the downward temperature integration is determined as the
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altitude at which the signal is 20 times its standard deviation, or a 5% uncertainty in the signal.
This implies a 5% uncertainty in the number density. This, in turn, leads to a 6% temperature
uncertainty. The average starting altitude for nighttime temperature profiles is 87 km, but even
for the very best data the maximum altitude was capped at 95 km. The use of the CSU
climatology for the starting values and the averaging of many nights, coupled with the rapid
decrease of any initial errors, should ensure that accurate temperatures are obtained for altitudes
below 80 km and that reasonably accurate temperatures are obtained significantly above 80 km
all the way to the maximum altitude.

At the upper limit of the lidar’s data range, the background becomes a large portion of the
total signal. Its accurate determination at a yet higher altitude, in the region above 120 km, is
most important for the data reduction. In that region, it should be constant. Typically, the
background was estimated by averaging the signal between 120 and 170 km. Occasionally it
was averaged over slightly different ranges. The accuracy is important because a bad
background can lead to systematic temperature errors at all altitudes (Herron, 2004).
Observationally, bad backgrounds can have positive or negative slopes, oscillations, or spikes.
While not common, these bad behaviors indicated that either equipment was failing or that
improper settings had been used. Experimentation with simulated data also showed that
significantly too high or too low an estimated background would lead to temperatures that
increased or decreased sharply immediately below the initial altitude, thus warning of a potential
problem. The effects of random small variations in the observed background level on the
deduced temperatures are reduced by the subsequent averaging of many nights to produce the
climatology. On some nights, mostly because of clouds, the signal strength was too small to

obtain good temperatures. Between 1993 and 2004 observations were obtained on 964 nights
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covering 5972 hours. Of these, 839 nights covering 5273 hours were of such quality as to give
good temperatures. The monthly distributions of nights and hours observed that contributed to

the two composite climatologies are given in Figure 1.

800 120
| M Hours ]
| I Nights — 100
600 — -
B — 80
o T 1
3 400 — — 60 5
T L n =
- — 40
200 — —
B — 20

Jan Feb Mar AprMay Jun Jul Aug Sep Oct Nov Dec
Month

Figure 1. Number of Good Nights and Hours Observed Each Month in the ALO-USU

Composite Year. The good nights are in red, the hours in blue.

An average temperature profile is found for each night of a composite year by averaging
the nighttime temperature profiles over a 31-day by 11-year window centered on that night.
Because each of the nighttime profiles included in the average can have a different starting
altitude, the maximum altitude for the average is dependent on the distribution of these starting

altitudes. The averaging starts at 45 km with the maximum (or close to the maximum) number

10
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of profiles in the averaging window and continues upward until half of the maximum number
remains. (Occasionally the number of profiles increases over the first few km because the
electronic gate had been set too high, giving the maximum number at a slightly higher altitude.)
Seventy-five percent of the individual nighttime temperature profiles have their maximum
altitude, the starting altitude for the downward integration, between 84 and 95 km. The average
altitude for all the individual nights in the dataset is ~87 km. As might be expected, after the
multi-night by multi-year averaging, the maximum altitude in the climatological averages is
almost the same, 88 km. This also implies that half the nights in the averages start above 88 km.
As seen from the individual profiles in Figure 2, many reached 95 km.

After finding the temperatures, the next important question concerns their significance
and variability. The starting point is the Poisson uncertainty from photon counting. Its effect on
the derived temperature uncertainty and, hence, variance has been given by Gardner (1989),
Beissner (1997), and Herron (2004, 2007). Provided these temperature variances are fairly
similar at a given altitude from night to night, which they should be, they can be averaged over

the same 31-day by 11-year window as the signal to find the average temperature variance,

of () = [1/NW] 2L} o () (1)
where a7 (h) is the temperature variance for the ith night at altitude h, and N (h) is the total
number of nights in the averaging window at that altitude. This variance can be divided by N (h)
to find the variance of the mean temperature T (k). The square root of that gives the standard
deviation of the temperature uncertainty,

ar(h) = Jof(W)/N (h). )

This is a good estimate of the contribution to the uncertainty of the mean temperature arising

from the Poisson uncertainty from photon counting, provided all the temperatures in the

11
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averaging window are from the same temperature distribution.
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Figure 2. Superposition of Individual Nighttime Temperature Profiles from January and June,

the Extreme Winter and Summer Months. Nighttime temperature profiles from (a) all 48

January and (b) all 87 June observations. A different color is used for each year. These are

examples of two of the ensemble of profiles that contribute to the 31-day by 11-year averages

shown in Figure 5. The standard deviations of the mean s#(h) used in Figure 3 and shown in

Figures 4 and 6 are calculated from such ensembles of profiles.

However, much greater temperature variability arises because of day-to-day and year-to-

year geophysical temperature variability, o;.,(h). The combined effects of measurement

uncertainty from Poisson counting statistics and geophysical temperature variability is found

from the sample variance,

12
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st(h) = (1/IN() = 1} ZEPIT(R) = T(W)P? ©)
where T;(h) is the ith derived temperature and T (h) is the average of the T;(h), and N (h) is the
total number of nights in the averaging window at altitude h. This sample variance can also be
divided by N (h) to estimate the variance of T (h). The square root of that gives the standard
deviation of the total temperature uncertainty from the combined effects of the Poisson counting
statistics and geophysical variability,
sz(h) =+/si()/N(h) . )
As such, it indicates the significance of the derived mean temperature T(h). It provides the
temperature uncertainties of the mean (error bars) for the temperatures shown in Figure 3, the
uncertainty profiles shown in Figure 4 for the temperatures in Figure 5, and the uncertainty
profiles (solid lines) shown in Figure 6 for the January and June temperatures. These are
discussed in the next Section.
In addition to s(h) giving the standard deviation for the temperature distribution, it can
be combined with the Poisson-derived temperature uncertainty o, (h) to determine the

geophysical temperature uncertainty or variability,

Ogeo () = /sF(h) — o (h). )
This formulation is consistent with that of Leblanc et al. (1998) and Argall and Sica (2007). Itis
used to find the composite climatology of the geophysical temperature variability, which changes
significantly with time during the year and with altitude, reflecting changes and evolution in the
underlying physical processes. The 31-day by 11-year integration is long enough that it is not
sensitive to variations from gravity waves. The waves that could affect this average have periods
that range from 2 to 31 days. Contours of o, (h) for the composite-year temperature

variability are shown in Figure 7.

13
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Figure 3. ALO-USU Climatological Nighttime Temperatures T at 45, 65, and 85 km. The
temperatures are averaged over a 31-day by 11-year window centered on each night of the
composite year. The error bars are from the standard deviation of the mean sz(h) given at the
three altitudes by Equation 4 and shown as profiles in Figure 4. The ¥ symbol marks maximum

and minimum temperatures.
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Figure 4. Mid-month Profiles of Standard Deviations of the Mean sz (h) for the ALO-USU
Climatology of Nighttime, Mesospheric Temperatures. There is a profile for each mid-month
mean temperature profile T(h) shown in Figure 5. These standard deviations include the effects
from both Poisson statistics and geophysical variability. The solid profiles are for April through
September and the dashed profiles are for October through March. The black curve is the
average annual temperature uncertainty profile obtained by averaging the twelve, one-month

profiles.
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Figure 5. Mid-month Temperature Profiles T (h) from the ALO-USU Climatology of
Nighttime, Mesospheric Temperatures. The temperatures are averaged over a 31-day by 11-year
window centered on the middle of each month of the composite year. The solid profiles are for
April through September and the dashed profiles are for October through March. The heavy
black curve is the average annual temperature profile obtained by averaging the twelve, one-

month profiles.
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Ogeo(R). The variability o, (h) is derived from the temperatures within the 31-day by 11-year

window centered on each night of the composite year, Equation 5. The contours are at intervals

increasing by v/2 between 2.5 and 28 K.
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Furthermore, o, (h) can be divided by /N (h) , as done for other uncertainty
expressions in Equations 2 and 4, to find the geophysical uncertainty of the mean of a particular
set of N(h) observations. This is what is shown by dotted lines in Figure 6 for January and June

from the composite-year temperature variability.

3. Observations

3.1 Composite-Year Temperature Climatology

The average climatological temperatures can be examined in several ways. The

temperatures for each day of the composite year are given as a contour plot in Figure 8 and are
given at 3-km intervals in Table 1. This plot extends from 45 to approximately 90 km and from
175 to 270 K with contours every 5 K. For a second perspective and more detail, the averaged
temperatures at three selected altitudes—45, 65, and 85 km—are shown in Figure 3. The three
curves are very different, showing a singular characteristic of the mesosphere: the 45 km curve
shows a cold winter and warm summer, while the 85 km curve shows the reverse, a warm winter
and cold summer. There is a transition in between. After examining many curves between 60
and 70 km, the 65 km curve was chosen because it had the minimum variation. (It is purely
coincidental that it is midway between 45 and 85 km.) The total uncertainty of the mean sz (h),
as defined in Equation 4, is also shown at monthly intervals on these three temperature curves.
These uncertainties are all very small, giving considerable significance to the temporal structures
in these curves and to the temperature values in the Figure 8 contour plot. For a third perspective
and different detail, twelve altitude profiles of the monthly temperatures are shown in Figure 5.
Each profile is the result of the same type of averaging as in Figures 3 and 8, the average of all

the nighttime temperature profiles in a 31-day by 11-year window at each altitude N (h).

19
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However, in this case, the averages shown are just the™ ones centered on the middle of each
month. With so many profiles in Figure 5, it would be difficult and confusing to display the
uncertainties, which are the total mean measurement uncertainties s+(h) as also shown in Figure
3 at 45, 65, and 85 km. They are instead shown as profiles for each month in Figure 4. Again,
they are small, small enough to enable meaningful comparisons among the temperature profiles
in Figure 5. In addition to the monthly profiles, an annual average temperature profile, created
by averaging the 12 one-month profiles, is shown in black. It almost perfectly divides the data in
time, into summer and winter behaviors. (The exception is September above 78 km.) The
monthly curves from the winter half of the year, October through March, are shown as dashed
lines, and the curves from the summer half of the year, April through September, are shown as
solid lines. Similarly, an annual average uncertainty profile is created and shown in black in
Figure 4. Most of the uncertainty curves are closely clustered together. The biggest exception is
December, which has the largest uncertainties. They reflect a combination of large, winter

variability and the fewest number of nights observed.
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Figure 8. ALO-USU Composite Year Climatology of Nighttime Mesospheric Temperatures
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T (h) between 45 and ~90 km. The temperatures are averaged over a 31-day by 11-year window

centered on each night of the composite year. The contours are at intervals of 5 K.
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Table 1. Climatological Temperature Values and their Sample Standard Deviations of the Mean.

Alt Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
45 2535 257.6 262.7 269.4 2733 273.2 270.0 266.4 262.4 258.0 253.0 252.7
1.5 1.2 0.6 0.8 0.4 0.3 0.3 0.4 0.3 0.5 0.8 2.6

48 253.2 256.2 262.1 266.9 271.7 272.1 269.2 265.6 262.6 259.3 254.4 254.5
1.1 1.0 0.6 0.4 0.5 0.3 0.3 0.3 0.2 0.4 0.8 2.5

51 250.5 253.0 258.6 264.4 269.2 268.6 265.5 262.0 260.2 257.7 252.6 254.0
1.0 0.9 0.6 0.5 0.5 0.2 0.3 0.3 0.3 0.4 0.7 2.2

54 246.3 248.0 253.9 259.8 264.8 262.9 259.2 255.8 255.3 2535 249.1 251.4
1.1 0.9 0.5 0.5 0.6 0.3 0.3 0.3 0.3 0.4 0.9 1.8

57 239.5 243.4 247.7 252.3 257.6 255.0 250.6 247.7 248.1 247.7 244.9 244.7
1.3 1.1 0.5 0.5 0.7 0.4 0.4 0.4 0.3 0.5 1.0 1.4

60 2319 237.5 240.9 244.5 248.6 245.1 240.7 2374 239.2 240.5 241.3 238.8
1.6 1.1 0.6 0.6 0.7 0.4 0.5 0.4 0.4 0.6 1.2 1.3

63 225.0 231.8 234.3 236.2 238.1 233.5 229.8 227.4 230.2 233.1 235.5 2329
1.9 1.1 0.7 0.7 0.7 0.5 0.5 0.5 0.5 0.6 1.2 1.4

66 222.7 231.0 229.3 229.0 227.4 220.6 218.7 217.3 220.8 226.3 228.8 229.4
2.1 1.1 0.8 1.0 0.9 0.6 0.6 0.6 0.6 0.8 1.2 2.1

69 222.7 229.4 226.3 221.4 216.2 208.1 208.0 209.5 2135 220.0 223.0 226.8
2.2 1.3 0.9 1.4 1.2 0.7 0.8 0.9 0.8 0.9 1.3 2.8

72 222.7 2255 220.7 213.6 206.5 197.7 201.5 203.5 208.0 214.0 218.2 222.9
2.2 1.5 1.1 1.5 1.2 1.0 1.3 1.0 1.0 1.0 1.4 4.0

75 220.9 220.1 214.2 204.7 196.9 188.5 195.4 198.8 205.3 208.3 212.3 216.5
2.3 1.5 1.3 1.5 1.6 1.2 1.3 1.2 1.4 1.2 2.0 3.5

78 218.2 215.0 206.3 195.6 190.3 179.7 188.6 193.7 202.4 203.2 208.2 210.2
2.6 1.7 1.6 1.8 1.9 1.4 1.4 1.5 1.7 1.7 2.0 4.2

81 216.9 208.3 200.1 187.2 183.8 175.4 183.2 187.2 199.8 197.9 204.3 208.6
2.9 2.0 1.8 2.0 2.0 1.8 1.8 2.0 1.9 1.8 1.8 4.0

84 212.9 203.7 196.7 183.1 176.7 171.2 177.3 183.9 200.6 198.0 203.7 209.4
3.9 3.0 2.0 3.1 2.3 2.2 2.3 2.2 2.4 2.1 2.4 6.0

87 213.2 197.7 194.5 182.6 176.3 175.5 179.2 189.8 203.7 201.8 203.6 204.9
3.8 3.1 2.4 2.7 2.9 3.5 2.5 3.2 2.8 2.4 3.7 6.1

90 211.8 202.1 195.7 186.4 180.5 — 180.8 — 197.2 201.6 201.1 208.6
4.5 4.0 3.3 4.1 3.0 — 2.6 — 3.1 2.9 3.8 7.2

93 - - - - - - - - - - 200.3 -
— — — — — — — — — — 4.4 —
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Figure 2 shows the 48 individual nighttime temperature profiles for January and the 87
nighttime temperature profiles for June, which were averaged together, respectively, to make the
January and June profiles in Figure 5. The averaged January and June profiles give rise to the
extreme temperature profiles in Figure 5. Both months in Figure 2 show profiles of temperatures
that mostly reflect geophysical variability and a small contribution derived from the Poisson
contribution to the temperature uncertainty. Below ~75 km the spread is clearly significantly
greater in January than in June, presumably reflecting the propagation of more gravity waves and
planetary waves into the mesosphere in winter (Andrews et al., 1987). In addition, in January,
the distribution of curves appears to become wider below 50 km, presumably in response to
SSWs (Sox et al., 2016). A few of the nights, roughly 10%, in both months clearly show profiles
with large-scale waves with both bigger amplitudes and longer wavelengths than for the rest of
the nights. The spread in the profiles increases with altitude. However, above ~75 km the
spread becomes very similar for the two months. Looking in detail at these collections of
profiles, what is clear is the presence of waves with a wide range of vertical wavelengths and
amplitudes that grow with altitude. The waves must have long enough periods and small enough
vertical velocities that they show up strongly as waves in the all-night profiles. Above 92 km,
the spread diminishes, not because of geophysical reasons, but because of the similarity of the
initial temperature values, which are all taken from the CSU Na lidar climatology as stated

earlier.

Most of the monthly profiles in Figure 5 start at a high temperature at 45 km and then
decrease monotonically with altitude until the mesopause near 85 km. However, the profiles for

January and February behave significantly differently from the others. At about 65 km, the
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temperatures start to increase with altitude. They do this for the next 5 to 10 km, then resume
their monotonic decrease with altitude. That results in a small peak in the two profiles. In
addition, the profiles for December and March change slope in this same region, briefly
decreasing more slowly with altitude. This behavior, which is different than for the other eight
months, comes about because of wintertime mesospheric inversion layers (Schmidlin, 1976;
Hauchecorne et al., 1987; Whiteway et al., 1995, Leblanc and Hauchecorne, 1997; Meriwether
and Gerrard, 2004). Examples of these inversion layers, one each from December, January,
February, and March, are shown in Figure 9. These profiles were selected because they show
very significant mesospheric inversion layers. By comparing them to the average profiles in
Figure 5, note that they have temperatures below the average at ~65 km and above the average at
~75 km. However, the amplitude of mesospheric inversion layers does vary considerably from
night-to-night as does their occurrence frequency. These variations in amplitude and occurrence

frequency give rise to the differences seen in the averaged profiles in Figure 5.
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Figure 9. Temperature Profiles T'(h) from Four Winter Months with Large Mesospheric
Inversion Layers. They are from 20 December 1993, 20 January 1995, 19 February 1995, and 8
March 1995. The error bars o;(h) are calculated from the propagation of the Poisson uncertainty
for the signal through the temperature reduction routine. The dashed line shows the adiabatic
lapse rate. The January and February profiles have extensive regions on the topside of the

inversion layer that are at the adiabatic lapse rate.

In Figure 9, these temperature profiles come from 20 December 1993, 20 January 1995,
19 February 1995, and 8 March 1995. Also, included for reference in Figure 9 is the adiabatic
lapse rate of 9.8 K/km, which is extremely close to the topside lapse rate for two of these four
all-night profiles. This closeness has been noted in a number of previous studies (e.g., Whiteway

et al., 1995; Leblanc and Hauchecorne, 1997; Sica et al., 2007; Meriwether and Gerrard, 2004)
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and has been associated with wave saturation and convective instability. Also, shown for each
all-night profile are several examples of the temperature uncertainties (or error bars) that are
based on propagating the Poisson uncertainties from the observations though the temperature

reduction procedures. It is very apparent that the inversion layer structures are very real.

3.2 Composite-Year Climatology of Geophysical Temperature Variability

An indication of the geophysical temperature variability is seen in the spread of the
composite year temperature profiles from January and June in Figure 2. Formally, the spread in
the temperatures at a given altitude is characterized by the variance s#(h) of all the temperatures
about the mean at that altitude during the month, Equation 3. The sample temperature
uncertainty or variability of the mean of those temperatures s7(h) is given by Equation 4, which
is plotted for January and June in Figure 6 as solid lines. The January curve shows greater
uncertainty or variability of the mean than does the June curve. This is for two reasons in
addition to greater geophysical variability: fewer observations, Figure 1; and lower densities,
hence signals (Barton et al., 2016). This basic temperature uncertainty from the observations has
two contributions. The first is the temperature uncertainty or variability o (h) arising from the
observations, from the Poisson statistics of photon counting that are propagated through the data
reduction to the temperatures. Its temperature uncertainty of the mean o7 (h), given by Equation
2, is plotted for January and June in Figure 6 as dashed lines. It shows greater uncertainty of the
mean for January than for June for the same reasons as above. There are fewer observations,
Figure 1, and lower densities, hence signals (Barton et al., 2016). These temperature uncertainty
values are much smaller than those for the total sample uncertainty of the mean. The second

contribution, the major one, is the geophysical variability o, (h), which arises from many
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possible geophysical sources, as described below. It gives the total contribution to the variability
from these sources. It is found by subtracting the variance from Poisson statistics from the total
sample variance, Equation 5. This is shown for the composite year in Figure 7 and the values
given at 3-km intervals in Table 2. This result is then divided by \/m to find the total
geophysical variability or uncertainty of the mean, which is plotted for January and June in
Figure 6 as dotted lines. It is only slightly smaller than the sample temperature uncertainty of the

mean.
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Table 2. Geophysical Temperature Variability oceo.
Alt Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
45 9.9 8.7 4.9 6.1 2.6 2.8 3.2 3.5 2.5 4.3 5.0 125
48 7.3 7.2 5.2 3.2 3.6 2.4 2.7 2.5 2.2 3.9 5.0 12.3
51 6.6 6.8 5.0 3.5 3.9 2.2 2.7 2.8 2.6 3.7 4.6 10.7
54 7.6 7.2 4.3 3.6 4.5 2.8 3.0 3.0 2.7 3.8 5.7 8.8
57 8.9 8.2 4.7 34 5.1 3.9 3.8 3.5 3.2 4.7 6.3 6.7
60 114 8.8 5.2 4.3 4.9 4.1 4.6 3.9 3.7 5.2 7.4 6.3
63 13.0 8.8 6.0 5.0 53 4.7 4.9 4.6 4.4 53 7.5 7.0
66 14.5 8.9 7.2 7.5 6.6 5.3 6.6 5.9 5.5 7.1 7.8 10.2
69 153 106 88 103 8.9 62 84 86 7.5 86 81 137
72 15.5 11.9 10.3 11.6 8.8 9.3 13.6 10.3 10.3 9.4 8.7 19.4
75 16.3 11.9 12.2 115 11.6 11.3 13.6 12.2 14.1 10.8 12.4 17.3
78 17.9 13.4 14.7 13.2 13.4 133 14.3 14.9 16.6 15.9 12.4 20.5
81 19.9 15.4 16.3 14.0 14.5 16.7 17.9 20.0 18.2 16.5 111 18.8
84 25.9 22.1 17.4 20.8 15.7 20.2 21.9 21.2 23.2 19.1 14.9 25.2
87 22.5 22.0 19.8 17.0 18.6 27.3 24.0 27.1 25.2 20.8 21.4 24.4
90 24.0 25.2 23.4 21.0 15.9 — 21.4 — 23.4 21.3 19.9 24.8
93 — — — — — — — — — — 19.2 —
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As just mentioned, there are many potential sources of geophysical variability. These
include waves with periods greater than half a night’s observations that are not coherent with a
24-hr period, such as some gravity waves and planetary waves. Their contribution is apparent in
Figure 2. Other sources include upward propagation of tropospheric temperature perturbations
from weather systems, random sampling of episodic events such as time-varying mesospheric
inversion layers or SSWs (and mesospheric coolings), solar variations from solar activity and the
27-day Carrington rotation, variability in the timing of the change from one season to the next,
year-to-year variability from such things as El Nifio and La Nifia and the quasi-biennial
oscillation (QBO), multi-year temperature heating or cooling from major volcanic eruptions such
as El Chichon and Mt Pinatubo, solar cycle irradiance variations, and long-term temperature
trends such as from global climate change. In addition, because of clouds affecting lidar
observations, some of the observations include only the first half of the night and some only the
second half of the night. As a result, there may also be some contribution to the variability from
waves with a period roughly equal to the length of the night. Besides mesospheric inversion
layers and SSWs, these sources of variation are not examined here. They will be in the future.

There is another possible contribution to the total uncertainty of the mean s7(h) that
needs to be mentioned. Because the data are averaged over 31-day periods, the total calculated
uncertainty might be artificially increased if the temperature had a significant gradient in time.
This possibility is explored by examining the effect of the largest temporal warming in the data,
which occurred between early August and early September at 85 km, as shown in Figures 3 and
8. Itisa 25 K temperature increase in the course of one month. Approximately 100 nights
contributed to this portion of the composite climatology. An estimate of the effect of this

temporal change is obtained by deriving the variance of the mean for a 25 K linear temperature
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change over this period. It works out to be less than 10% of the total variance, meaning that the
effect on the total standard deviation of the mean is less than 0.2 K. Accordingly, the effect of
temporal temperature gradients in the observations is small enough that it does not contribute
significantly to these results.

Taken together these profiles of the January and June uncertainties of the mean in Figure
6 give a very good representation of the range of precision of the derived temperatures. The
uncertainties shown in Figure 3 for 45, 65, and 85 km are the total uncertainties of the mean,
calculated using Equation 4. The same is true for Figure 4. It should also be noted that these
uncertainties are consistent with the temperature fluctuations in Figures 3 and 5. The values are
small. They are less than 1.5 K below 70 km for the whole year except for December and
January. They are that small, in part, because of the high photon count rates at low altitudes and,
in part, because of the large number of nights observed each month, as indicated in Figure 1.
They are bigger in December and January because of large winter wave effects and the smaller
number of nights observed in December. They then have a rapid increase with altitude to values
near 4 K by 90 km for most months and almost 8 K for December. This increase is largely
because of the exponential falloff of neutral density with altitude. Another factor, as discussed in
Section 2, is that the number of profiles contributing to the average at the maximum altitude
N (h,,45) is half of what it is at 45 km N (45), with much of that decrease occurring in the top 10
km.

It should also be noted that the profile of the geophysical temperature variability of the
mean for June in Figure 6 appears to increase exponentially with altitude over most of the
altitude range. This is emphasized by a profile with plus signs almost superimposed on the June

dotted curve. It grows by a factor of e every 14 km between 50 and 85 km. This is what is
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expected for waves growing adiabatically with altitude in an atmosphere where the density falls
off with a 7-km scale height. This is presumably what is happening. The waves are growing at
this rate as opposed to breaking and giving up energy, which would reduce the temperature
variability.

Below 50 km something else is happening in Figure 6 in June. The variability grows
above the background exponential level in descending from 50 to 45 km. This strongly suggests
the existence of another source of temperature variability near the stratopause, a source that does
not propagate upward. A possibility might be upward propagating gravity waves reaching their
critical level and losing their energy to the background atmosphere.

The growth of the total geophysical variability of the mean s7(h) in Figure 6 for January
is less rapid and much more structured. Immediately above 86 km it has values similar to the
elevated June values. Slightly lower, centered on 84 km, it has an isolated peak in variability.
Below 70 km the variability is again significantly greater than what would be expected from a
downward extension of an exponential profile. This additional variability must come from other
geophysical processes. The relative maximum between 60 and 70 km most likely reflects the
variability introduced by mesospheric inversion layers, such as the examples shown in Figure 9.
Like the June profile, it also shows an increase while descending from 50 km to 45 km.
However, this increase is significantly bigger. This is much like the temperatures in Figure 8 and
at 45 km in Figure 3. This suggests another source of variability, which as mentioned earlier is
most likely the intermittent occurrence of SSWs over the years during these observations (Sox et
al., 2016).

The climatology of the geophysical variability for the composite year is given as a

contour plot in Figure 7. As in Figure 8, this climatology is based on a 31-day by 11-year
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running average. This plot extends from 45 to approximately 90 km and from 2.5 to between 20

and 28 K with the contours increasing by v/2. That is a meaningful spacing because, as already
noted, the magnitude of fluctuations grows rapidly with altitude due to the exponential decrease
in density, as described above. What is also immediately apparent in Figure 7, as suggested from
Figure 6, is that in most of the mesosphere, there is considerably greater variability in December,
January, and February than in summer. This winter variability grows and extends into the upper
mesosphere above ~80 km. However, unlike the annual cycle in variability in the lower
mesosphere, this high level of variability extends across almost all 12 months. In between the
winter and summer periods of high variability, there are two short periods, each about a month
long, with lower variability, less than 20 K instead of greater than 20 K. The first is centered on
mid-April, three weeks after equinox. The second is centered on the beginning of November,
five weeks after equinox. They do differ from one another in that the April period appears to
extend lower into the middle and lower mesosphere than the November period. They both
extend down to 70 km, with the spring one extending another 10 km or so lower. By their
timing, they are related to the winter-summer seasonal transitions. With this high level of
variability in both summer and winter, it appears that there is much greater variability above ~80
km in summer than expected from the variability below. This is supported by the high level of
variability in the June profile in Figure 6 above 80 km, in the region of the mesopause.

In addition to June and January, the composite year contour plot in Figure 7 shows
further variability in altitude and time, suggesting even more effects. It appears that from late
May through October, the variability is similar to what is shown in Figure 6 for June. Strong
winter effects occur from November well into February, and to a lesser extent into March.

Variability in December is particularly strong at all altitudes. As indicated above, much of this
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may come from significant inversion layers.

The temperature variability distribution in the upper mesosphere above 80 km, as shown
in Figure 7, is roughly the same throughout the year and quite large. However, a few aspects of
it need mentioning. The winter period from early December through late March and the summer
period from late May through early October have similar variability above about 80 km. The
summer temperature variability starts at 14 K, increases to 20 K and in a few spots almost
reaches 28 K. As mentioned above, this appears to be part of the exponential growth with a 14
km e folding distance. This might arise from the breaking of gravity waves at high altitudes or
from variations in the meridional circulation. However, at the highest altitudes, above 88 km or
S0, the variability appears to decrease in Figures 2 and 7. This reflects that these altitudes are
very close to where the initial value in the temperature data reduction is specified. Accordingly,
the deduced variability at the highest altitudes would be artificially reduced. Coming back to just
above 80 km, the higher-than-expected temperature variability may arise if the temperature
profiles can vary significantly. That possibility is clearly seen in a few of the profiles with large
amplitudes in Figure 2. It is further emphasized by the finding (Herron et al., 2007) of a wave on
22 June 1995 at 83 km that had a 20 K amplitude, which in that case gave rise to a low enough
temperature to support a noctilucent cloud. To be clear, this high-temperature variability is a
common feature during both the winter and summer periods. It extends across the March and
September equinox periods as well as the very cold summer mesopause in June at 85 km. This
indicates that no localized maximum in variability is seen at either equinox. As previously
indicated, the temperature variability during the “cold island” in mid-October is smaller. This
supports the contention that the “cold island” is a general feature, a true cold region in time and

altitude, not the result of a few particularly cold nights.
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Thus, from the lidar observations, temperatures have been obtained throughout the
mesosphere between 45 and ~90 km during a composite year. Near 45 km, the summer is about
20 K hotter than the winter. Near 85 km, this behavior is reversed, with the summer mesopause
about 40 K colder than the summer maximum. In spring, the periods of heating at 45 km and of
cooling at 85 km are much shorter than the fall periods of cooling at 45 km and heating at 85 km.
The transition between these two behaviors is at 65 km. In addition to this significant spring-fall
asymmetry in temperature behavior, two features stand out. They are a period of extreme
heating at 85 km of 25 K/month from early August to early September and a “cold island” that
follows shortly thereafter in October. In winter, there is a “cold valley” extending from 45 km
well into the middle mesosphere. There is considerable variability in the temperature profiles,
which increases with altitude. There is a small contribution originating from the Poisson
statistics of the observations and a much larger contribution from geophysical temperature
variability. The two components combine to produce the observed variability. This variability is
illustrated in Figure 2 and shown in Figure 6 for January and June. The composite-year

climatology of the geophysical temperature variability is show in Figure 7.

4. Discussion

As discussed in the previous section, the ALO-USU mesospheric temperatures from
41.74° N latitude are presented in three different ways in Figures 3, 5, and 8: at three specific
altitudes, as monthly profiles, and as contours. The geophysical variability is presented as a
contour plot in Figure 7. The temperatures and variability from two other lidar groups located
between 40° and 45° N latitude were presented as contours plots in their papers: the two French

lidars, OHP at 44.0° N and 6.0° E and CEL at 44.0° N and 1.0° W (Hauchecorne et al., 1991,
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Leblanc et al., 1998) and the Canadian Purple Crow Lidar (PCL) originally at 42.9° N and 81.4°
W and now at 43.1° N and 81.3° W (Argall and Sica, 2007; Jalali et al., 2016). Although
contour plots provide a good indication of how things vary with altitude and time, they do
present a challenge for obtaining precise comparison values. There are additional considerations
that affect these comparisons. While there is a significant overlap in altitude from 45 to 85 km,
the individual lidars cover different ranges. The three groups handle the data, the photon counts,
in slightly different ways and determine temperatures in slightly different ways. Both the
altitude and temporal smoothing are done differently. In addition, the time periods covered by
the reported observations are different: 1993 to 2004 for ALO-USU; 1984 to 1995 for OHP and
1986 to 1994 for CEL (Leblanc et al., 1998); 1994 to 2013 for PCL. The latter is further divided
between 1994 to 2004 (Argall and Sica, 2007), which is used mostly for geophysical variability,
and 1994 to 2013 (Jalali et al., 2016), which is used mostly for temperatures. Also, the seasonal
coverage and density of observations differ: 839 nights at ALO-USU; 1244 profiles at OHP and
670 at CEL (Leblanc et al., 1998); and 453 profiles at PCL between 1994 and 2004 (Argall and
Sica, 2007). Winter tends to present the greatest challenge because of both the observing
conditions and the day-to-day or week-to-week variability of the temperatures. Another factor,
the impact of which is not clear, is the proportion of the night that is observed—first half, second
half, or all night. It could affect the precision as well as the contribution of tidal fluctuations to
the “all-night” temperature averages and the geophysical variability.

Despite all these caveats and cautions, it is nonetheless very worthwhile to compare these
two ALO-USU climatologies with those from the other two groups. There are many features
that are common and others that are different. Because information from these other two groups

will be referred to often, please note the references to Argall and Sica (2007) and Jalali et al
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(2016) for PCL and to Leblanc et al (1998) for OHP and CEL and consider them as given
whenever reference is made to these lidars or the results obtained with them.
4.1 Lower Mesosphere

In the lower mesosphere in summer, the maximum temperatures at ALO-USU occur in
May and June, as seen in Figures 3, 5, and 8. If anything, May is comparable to or very slightly
warmer than June. This result is similar to what is seen in the contours for the other lidars,
especially OHP. For the others, there appears to be a slight maximum in June. The profiles for
mid-May and mid-June in Figure 5 are at least 3 K warmer than any of the other profiles up to 52
km. This difference is valid in that it greatly exceeds the total observed uncertainty of the mean,
given by the solid profiles in Figure 6 for June. These contours in Figure 8 also show time
variations of temperature, i.e., heating and cooling rates, on both sides of the maximum. The
heating rate in the spring is significantly greater than the cooling rate in the fall. The contours
for the other lidars qualitatively show the same asymmetry, heating faster in the spring and
cooling more slowly in the fall.

In winter, the mid-January temperature profile in Figure 5 is significantly colder than the
December and February profiles, especially between 50 and 64 km, reaching more than 5 K
colder near 58 km. Turning to the contours, they show very distinct temperature maxima on
either side of this January minimum, creating a “cold valley” in between. In more detail, starting
in late November, a relative maximum in Figure 8 appears to propagate upwards from about 55
km until mid-December at about 74 km. Then in mid-January a relative temperature maximum
descends from 85 km until late February at about 65 km. The effect of these two warm features
is to extend this “cold valley” beginning at about 75 km at the beginning of January and

descending to about 50 km by the end of January. The center of this temperature minimum
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occurs between 1 and 5 weeks after winter solstice as it depends on altitude.

The winter behavior is complex and varied for all the lidars. There is more or less a
minimum temperature between 45 and 50 km between November and February, but with one or
two hot spots in between. All the lidars show significant increases in the geophysical variability
between 45 and 50 km between December and February followed by decreases in variability
between 50 and 60 km. The low altitude values rise to 10 K or so, compared to the summer
values of 4 K or less from April to October. Like the hot spots, the dates of these minima vary
somewhat within that period. ALO-USU and PCL have the coldest background temperatures,
between 250 and 255 K, in this 45 to 50 km region. The two French lidars have slightly warmer
background temperatures, between 255 and 260 K. ALO-USU has a hot region in excess of 255
K. PCL has two hot regions, one in excess of 255 K and one in excess of 260 K. OHP has a hot
spot in excess of 260 K, while CEL has two hot spots, one in excess of 260 K and one in excess
of 265 K. The variable timing of these hot spots on top of what are basically temperature
minima strongly suggest that they arise from a non-radiative source. All groups have suggested
that they could result from Sudden Stratospheric Warmings (SSWs). Major SSWs have been
examined in detail at ALO-USU, i.e., at midlatitudes, between 1993 and 2004 by Sox et al.
(2016). This SSW interpretation is consistent with what they found. Because of different
observational periods, the hot spots would occur at different times between December and
March. Because of averaging years with and without SSWs, the small 5 K temperature increases
are reasonable. The extension of the hot spots to about 50 km is also consistent with this
interpretation.

Turn from the variability between 45 and 50 km to the stratopause, which is located in or

close to this region. The ALO-USU temperatures are shown in the composite temperature
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climatology in Figure 8 and the mid-month profiles in Figure 5. They vary between 253 and 273
K. As shown by the altitude of the relative maxima in the profiles, the stratopause is at
approximately 47 or 48 km between July and January, but the lack of a clear relative maximum
suggests it is at or below 45 km between February and June. This is similar to the other lidars.
At PCL, the stratopause is above 45 km all year except for January and February. It is below 48
km except for December when it is just above 50 km, presumably because of SSW effects. At
OHP and CEL, it is between 47 and 48 km most of the year, but drops to 46 km from December
through February. Thus, all the mid-latitude lidars appear to show an annual cycle in the height
of the stratopause with it being between 47 and 48 km most of the year, but dropping to close to
or below 45 km between December and February. It appears to be just below 45 km at ALO and
PCL and just above in France.

The curve for ALO-USU at 45 km in Figure 3 gives a good representation of the annual
temperature cycle at that altitude. The maximum is 273.4+0.4 K in mid-May and the minimum
is 250.3+1.2 K in late January, giving rise to a summer-winter difference of 23.1+1.3 K. As
might be expected from the variability of SSWs, there is another relative temperature minimum
of 252 K in early December with a small relative maximum of 257 K on 1 January in between
these relative minima. With the exception of the SSW effects, there is a basic annual cycle of
hot in summer and cold in winter. In more detail, while the temperature maximum is in mid-
May, the temperature is almost the same throughout May and June, which implies that the
maximum is approximately a month before summer solstice. While the minimum is in late
January, the relative minimum in early December is almost the same. This suggests that the
winter minimum is later than the winter solstice. In addition, the heating rate in spring and

cooling rate in fall are at very different rates. Between the end of January and the end of April
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the temperature increases by almost 7 K per month. Between the end of June and the end of
November the temperature decreases at about half that rate, 4 K per month. This asymmetry in
the occurrence of the seasonal temperature extremes and the related asymmetry in the spring
heating rates and fall cooling rates emphasizes the presence and contribution of physical
processes that are more complicated than the annual variation of solar irradiance.

Along with the temperatures, the geophysical variability has distinctive patterns
throughout the year. Looking at the region near 45 km, the variability is between 2.5 and 3.5 K
from May through September. It then increases significantly to between 7 and 10 K between
November and February. At PCL, the geophysical variability in the same summer period is
between 2 and 4 K. It increases in winter, reaching 14 K in January. At the French lidars, it is
between 3 and 4 K in the same summer period. It increases to 12 K in December and January.
Thus, these mid-latitude lidars have essentially the same very small geophysical variability from
May through September in the vicinity of 45 km. It increases in winter depending, most likely,
on the occurrence of planetary waves and SSWs to values between 7 and 14 K primarily in
December and January. However, the ALO-USU values are at the low end of that range.

4.2 Middle Mesosphere

A transition or crossover altitude between these different altitude regimes, with
comparatively minimal seasonal variation, occurs at 65 km, as shown in Figure 3. However,
there is still some temperature structure at this altitude, though it is mostly during the winter. It
shows up as strong cooling during December from 233 to 221 K followed by slow recovery
during January and February back to 232 K. This temperature decrease is the same for every
such temperature curve that we have examined between 61 and 68 km. This behavior is also

seen in the contour plot in Figure 8. It gives rise to what was earlier characterized as the “cold
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valley.” The French lidars show bigger decreases, but during two months, from mid-November
to mid-January. They are followed by comparable increases over the next two months. The
pattern for the PCL lidar appears similar to the French pattern.

More generally, looking at the averaged temperature profiles in Figure 5 and inferred
from Figure 8 is that the mesosphere, except for the upper-most part, is usually characterized by
temperature profiles that decrease monotonically with increasing altitude. However, the great
amount of averaging in January and February shows profiles in Figure 5 that become
significantly more vertical (isothermal) or even increasing in a region just above 65 km. This
more vertical structure also shows up in the superposition of individual nighttime profiles from
January in Figure 2. In January, the average profile is almost isothermal between 64 and 74 km
and in February between 63 and 68 km. In addition, the January temperature profile is almost 10
K colder than the February temperatures in the isothermal region, but then becomes as much as
15 K warmer above that region.

These changes in slope occur because the averaging includes many profiles with
mesospheric inversion layers (Schmidlin, 1976; Hauchecorne et al., 1987; Whiteway et al., 1995,
Leblanc and Hauchecorne, 1997, Meriwether and Gerrard, 2004) as well as many without. The
inversion layers also have smaller but noticeable impacts on the December and March average
profiles. The maximum effect of the inversion layers, in terms of increased temperature, occurs
in January, a month after winter solstice.

To emphasize the point that these winter structures arise from inversion layers, examples
of ALO-USU inversion layers from four individual nights from four separate months are shown
in Figure 9. Below approximately the transition altitude, comparisons of the profiles in Figures 5

and 9 show that their temperatures below the inversions are significantly colder than the average
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728  profiles. At roughly the transition altitude, their temperatures increase sharply by 5, 10, or even
729 40 K, giving rise to a very distinct inversion layer peak 5 to 15 km higher. Above that peak, the
730  temperatures decrease rapidly. Also, included in Figure 9 is a dashed line showing the adiabatic
731  lapse rate of 9.8 K/km, which is the steepest gradient that can be sustained. If it were steeper, on
732  the topside of the inversion layer, a convective instability would set in (Whiteway et al., 1995)
733  that would return the gradient to the adiabatic lapse rate. Two of these all-night profiles show
734 regions where the lapse rate is equal to the adiabatic lapse rate. These steep gradients, lasting all
735  night, are a common feature of the ALO-USU mesospheric inversion layers. The low

736  temperatures, compared to the average below 65 km followed by high temperatures at higher
737  altitudes, suggest that the mesospheric inversion layers are a manifestation of a wave

738  phenomenon, consistent with Meriwether and Gerrard (2004).

739 There is much less structure visible during the rest of the year. In particular, in the

740  summer from May to August, there is a gradual temperature decrease at 65 km from 230 to 220
741 K. Furthermore, between 60 and 70 km, the temperature contours are essentially parallel and
742  almost equally spaced. This summer region has the biggest temperature gradient, falling

743  approximately 4 K/km with increasing altitude. The PCL and the French lidars show similar
744 smooth temperature contours and large temperature gradients in this region.

745 This part of the year roughly coincides with low geophysical temperature variability.

746  However, the low variability starts one to two months earlier in the spring and extends one to
747  two months later in the fall than the region of almost parallel, gradually decreasing temperatures.
748  During this period, the variability ranges from 5 K near 60 km to 10 K near 70 km. The behavior
749  issimilar at PCL and the French lidars except that their maximum variability is smaller. The

750  values at PCL are roughly between 4 and 6 K. The combined values for the French lidars are

41



751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

Journal of Geophysical Research -- Atmospheres 2018JD028450

between 4 and 7 K. In the winter months from November through February, it increases to
between 10 and 14 at ALO-USU. It reaches 14 to 18 K at PCL in late December and early
January and 13 to 14 at the French lidars in late December.

4.3 Upper Mesosphere and Mesopause

In the upper mesosphere in Figures 5 and 8, and at 85 km in Figure 3, the phasing of the
seasonal behavior is reversed from that of the lower mesosphere, with a warm winter and a cold
summer. This well-known behavior reversal is also seen for the French lidars and the Canadian
lidar. The lowest temperature in the ALO-USU data is a minimum of 169.8+2.3 K in early June
at 85 km, which is closer to summer solstice than the center of the extended summer temperature
maximum at 45 km. The June profile in Figure 5 is colder than any other profile above 70 km,
becoming 7 to 10 K colder than the May and July profiles above 75 km. As mentioned above, it
has a distinct minimum at 85 km, which is the summer mesopause. This behavior is in close
agreement to what was found with the PCL. In their case, the downward integration started
some 10 to 15 km higher, making their results essentially independent of the initial value.
Unfortunately, the French lidars do not have results for the region above 85 km. This summer
mesopause behavior is also in close agreement with the findings obtained with Na lidar, e.g., at
CSU (40.6° N, 105.0° W; She and von Zahn, 1998).

In the averaged profiles and the contour plot, this summer mesopause at ALO-USU
extends from April to August with altitudes that are within 1 to 2 km of the June 85 km altitude
and the temperatures rising approximately 15 K on either side of June. Beyond these extremes,
March appears to have a minimum that is 3 km higher and 12 K warmer than June. September
has a minimum of 200 K, which is 30 K warmer than June, that appears to be 3 km lower than

the June minimum. And, very unusually, September has a relative maximum at almost 87 km.

42



774

775

776

T

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

Journal of Geophysical Research -- Atmospheres 2018JD028450

This is from the very rapid heating described earlier that extends from August into September.
However, this lower altitude September minimum may be part of another phenomenon, a “cold
peninsular,” which is seen by the other Rayleigh lidars extending to lower altitudes. However, at
ALO-USU it leads to a “cold island,” which is discussed below. The mesopause is so cold in
these summer months and March that the average of all the monthly profiles in Figure 5 also
shows a mesopause at 85 km. These mesopause results are similar to those reported for the PCL.
Their mesopause extends from April through September. It is at 87 km in June and within 1 km
of that in the other months.

In addition to the mesopause, another temperature minimum, a 5 K relative minimum,
occurs at ALO-USU just before mid-October. It is centered at 82 km and extends from 78 to 86
km. It appears clearly in Figure 8 and shows up in Figures 3 and 5. Itis 197 K at its coldest.
The defining contour is at 200 K. This is the “cold island” referred to above. Since no unusual
variability stands out in the geophysical temperature variability in Figure 7, it is probably a
general feature. These observations are also most likely related to ones reported for PCL and the
French lidars. Instead of a “cold island,” they observed a ““cold peninsula” extending downward
from the summer cold region in September into October near 80 km. The defining contours are
in October at 195 K and 200 K for PCL and 210 K for OHP and CEL. Having been observed by
four lidars, this “cold island” or “cold peninsula” is most probably a real feature that needs to be
understood.

Unfortunately, these Rayleigh observations do not go high enough to investigate the
winter mesopause.

Another distinctive feature appears at and near 85 km just before the “cold island” or

“cold peninsula.” The summer cold region ends abruptly at ALO-USU with a very sharp one-
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month temperature increase of 25 K/month (about 4 times the usual) from early August to early
September. This is a dramatic part of the asymmetry between the spring cooling rate and the fall
warming rate. The fast, month-long heating is also seen by at least one of the French lidars, but
surprisingly not by PCL. They have slower temperature increase over a longer period. It is
followed immediately at ALO-USU by the cooling that leads to the October “cold island.”

In mid-winter in the upper mesosphere (at 85 km in Figures 3, 5, and 8) the maximum
temperature is 215.0+4.0 K on 31 December, shortly after winter solstice. In addition, the
January profile stands out as it is significantly warmer than any other profile above 75 km,
reaching more than 10 K warmer at several altitudes. As already indicated, the summer
minimum at 85 km is 169.8+2.3 K in early June. These winter-summer temperature extremes
give rise to a 45.2+4.7 K seasonal difference, which is essentially double the summer-winter
extremes at 45 km and, of course, out of phase with it. This temperature behavior in the upper
mesosphere is consistent with control by dynamics. It is usually attributed to the effect of
planetary waves and, in particular, gravity waves on the global meridional circulation. These
lead to adiabatic heating from downward compression in the winter hemisphere and adiabatic
cooling from upward expansion in the summer hemisphere (Andrews et al., 1987; Holton and
Alexander, 2000). Presumably the cooling from January to June, the slower heating from June
through December, and the fast heating in August reflect details of this interhemispheric
circulation.

At 85 km in the five months between January and June there is rapid cooling, averaging 9
K/month, but reaching values closer to 19 K/month for brief periods at the beginning of February
and April. Initially, the winter geophysical temperature variability is high, greater than 20 K,

presumably because of day-to-day and year-to-year differences. In March and April, while the
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temperature is still falling, this variability drops below 20 K. It then increases leading up to the
June temperature minimum and continues high throughout the summer and early fall.
Meanwhile, the temperature increases, overall averaging just under 7 K/month between early
June and the end of December. However, as already mentioned, it has significant structure
superimposed on that rate between mid-July and early October. Initially, there is a brief period
of slow cooling between mid-July and early August. That is followed by a very striking period
of rapid heating, approaching 25 K/month, for one month between early August and early
September. This heating is followed by another brief period of slow cooling between early
September and early October leading up to the October “cold island.” The heating then becomes
structured, but is on average just under 7 K/month until the end of the year. The summer
temperature variability remains just above 20 K even during the very rapid temperature increase
in August. It then drops below 20 K at the “cold island” in October and stays low until the
beginning of winter in December at which point it increases to above 20 K again.

The PCL and the French lidars show much the same temperature pattern. There is the
period of significant cooling from January to mid-June followed by a period of slightly slower
heating until the end of the year. Superimposed on this, they all have a period of more rapid
heating in August just prior to the “cold peninsula.” The French lidars have rapid heating similar
to ALO-USU in August, while the heating for PCL is less rapid.

In a significant difference from lower in the mesosphere, the geophysical temperature
variability is greater for ALO-USU in the upper mesosphere than for the other lidars. With the
exception of two, small time periods described above, it is between 14 and 20 K at 80 km over
most of the year. At 85 km, it is between 20 and 28 K for most of the year. For PCL, with the

exception, again, of two small, time periods, the values are between 6 and 10 K for most of the
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year at 80 km. It is the same for 85 km, except in January, when some of the seasonal variation
appears, and it rises to 12 K. For OHP and CEL, the geophysical temperature variability retains
a seasonal variation during the year. It too is much lower, from 9 to 10 K at 80 km from March
through October, and increases to between 11 and 12 K at 85 km. It rises to 15 K at both
altitudes in winter.

Provided the calculations are truly the same for each lidar, the greater geophysical
temperature variability at ALO-USU implies less energy loss from upward propagating waves or
additional sources of variability. It is not clear why the loss would be less or what other sources
of variability would become significant.

4.4 Whole Mesosphere

Combining these summer and winter temperature results, the seasonal transitions are
temporally asymmetrical, with slightly different asymmetry in the lower and upper mesospheres.
In the lower mesosphere, as seen most clearly in Figure 3, the transition from midwinter (end of
January) to midsummer (early May) takes three months while the transition from midsummer
(early July) to midwinter (early December) takes approximately five months. In the upper
mesosphere, the transition from midwinter (mid-January) to midsummer (early June) takes
approximately five months while the transition from midsummer (early June) to midwinter (early
January) takes approximately seven months. In both regions, the spring change is much shorter
than the fall change. The source of this asymmetry is not apparent. However, this asymmetry
would lead to the presence of a strong semiannual and probably higher-order temperature
variations. These higher-order variations and their phases have been shown elsewhere for ALO-
USU (Herron, 2007; Wynn, 2010).

This division between the lower and upper mesosphere that is based on temperature
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behavior does not extend to everything. Many gravity waves pass from the lower to the upper
mesosphere at ALO-USU (Kafle, 2009). Many waves, both small scale and large scale, are seen
in Figure 2 growing in amplitude as they propagate into the upper mesosphere. In addition, some
temperature structures extend from the lower to the upper mesosphere. For instance, a large
feature of warm air appears to propagate upward from 55 km in late November to 85 km in mid-
January, contributing to the winter temperature maximum in the upper mesosphere. It then
appears to propagate back downward to 65 km in mid-February. The region that lies between
these two elevated temperature structures forms the January “cold valley,” which appears to be

closely related to the mesospheric inversion layers.

5. Summary and Conclusions

We have presented mid-latitude composite climatologies of nighttime mesospheric
temperatures and of their geophysical variability derived from Rayleigh-scatter lidar
observations at ALO-USU between 1993 and 2004. With over 5273 hours of data from over 839
nights analyzed out of 5972 hours and 964 nights acquired over a span of 11 years, this dense
dataset is significant for investigating the vertical and temporal structure of the mesosphere. The
lidar was described in Section 2. The observations were presented in Section 3. They were
discussed and compared to observations from lidars at similar latitudes, from PCL in Canada and
from OHP and CEL in France, in Section 4.

Overall, the temperature climatology shows the well-known features of the low-altitude
mesosphere being hot is summer and cold in winter, while the high-altitude mesosphere is hot in
winter and cold in summer. More specifically, at 45 km the temperature varies over 23 K, from

250 K in very late January to 273 in mid-May. At 85 km the temperature varies over 45 K, from
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215 K at the end of December to 170 K at the mesopause in early June. The transition altitude
between these opposite behaviors is 65 km.

While the solar irradiation follows a symmetrical increase and decrease during the year
from winter-to-summer solstices, the temperature variations are decidedly asymmetrical, with a
shorter period of change in the spring than in the fall. At 45 km, the temperatures increase in the
spring at 7 K/month between the beginning of February and the beginning of May. In the fall
they decrease at 4 K/month from the beginning of July to the middle of November. At 85 km,
they decrease in the spring at 9 K/month from mid-January to early June. In the fall they
increase at 6 K/month between early June and the end of December. Accordingly, the annual
temperature variation needs to include semiannual and higher-order terms to describe the
asymmetrical variation. The physical causes for this asymmetry need to be identified and
examined. For instance, what are the roles of local and global dynamics in this asymmetry?

In the lower mesosphere, the stratopause is visible during part of the year. It is at ~48
km from July to January with temperatures dropping from 270 to 252 K. It is at or below 45 km
during the rest of the year.

In the upper mesosphere, the mesopause occurs in early June at 85 km at 169.8+2.3 K in
heavily averaged data. (It has to be averaged because of the presence of waves.) The mesopause
appears at slightly higher altitudes and at higher temperatures starting as early as March. It
appears at slightly lower altitudes and higher temperatures in September. At the two extremes,
the temperatures are 25-t0-30 K warmer. From March to September, this summer mesopause is
so pronounced that it shows up at 85 km in the annual average temperature profile.

A couple of features stand out at and near 85 km. A very sharp one-month temperature

increase of 25 K/month (about 4 times the usual) occurs between early August and early
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September. This is part of the asymmetry between the spring cooling rate and the fall warming
rate. It is also seen by the French lidars (Leblanc et al., 1998), but surprisingly not as strongly by
PCL (Argall and Sica, 2007; Jalali et al., 2016). It is followed immediately by a cooling, leading
to an October “cold island,” extending from 78 to 86 km that is ~5 K cooler than the
surroundings. The small geophysical variability during this period indicates that it is a general
feature. The reality of this feature is further supported by a “cold peninsula,” as opposed to an
island, seen with the other lidars extending from the summer cold region down into the October
location of the “cold island.” These are clearly real features that need to be understood.

As expected, the geophysical temperature variability is much greater in the upper
mesosphere than in the lower mesosphere. In June, it increases exponentially over most of the
altitude range with, roughly, a 14 km e folding distance. It approximates this rate in other
summer months. This growth rate suggests that the variability is largely from the adiabatic
growth of waves with altitude. The waves have a wide range of wavelengths and amplitudes.
This variability in summer in the upper mesosphere at ALO-USU is greater than what the other
lidars show. It is close to 20 K, approximately 50% bigger than at PCL (Argall and Sica, 2007).
This high level of variability in summer leads to a roughly constant level of variability
throughout the year. This constancy is similar to PCL (Argall and Sica, 2007), but at a higher
level. It is very different from the French lidars, which retain their annual variability with a
winter maximum (Leblanc et al., 1998).

One aspect of these growing waves in summer is that waves at 85 km with a 20 K
amplitude can and do exist. They can lower the temperature to 150 K, low enough to support a
noctilucent cloud (Herron et al., 2007). While this low temperature happens often enough in

June, the fact that few NLCs are seen indicates that it takes more than a low temperature to
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produce a noctilucent cloud. It could be a change in another parameter, such as water vapor, that
enabled the NLCs to form above ALO-USU.

Departures in the geophysical variability from this growth rate curve with its 14 km e
folding distance can be indicators of other various geophysical effects. For instance, the
variability is greater than this curve between 45 and 50 km in the January profile and in the
contour plot in December and January. This is presumably because of the intermittent
occurrence of SSWs (Sox et al., 2016). It appears to be greater above 80 km during this same
winter time period, which may indicate the mesospheric coolings are part of the intermittent
SSW phenomenon. The variability is greater than this curve between 45 and 50 km in June.
This might represent the effects of ascending waves being absorbed at their critical levels. The
variability is also greater than this curve in winter between 60 and 70 km. This is presumably
because of the intermittent occurrence of mesospheric inversion layers, which are significant
enough to affect the month-long average profiles between December and March. They have two
effects. On the bottom side of the inversions, they lead to colder-than-average temperatures,
creating a “cold valley” centered on January, but extending from December to February at 50 to
70 km. It is most dramatic between 60 and 70 km in December and January. On the top side of
the inversion, they lead to higher-than-average temperatures nominally between 65 and 75 km.
Four examples of inversion layers are given. Their all-night profiles show a topside lapse rate
very close to or equal to the adiabatic lapse rate, which is an indication of wave saturation and
convective instability. The inversion layers, with a lower-than-average temperature below the
maximum temperature and a greater-than-average temperature above the maximum temperature,
suggest an amplified wave.

Temperature variability above 80 km lacks the winter-summer differences seen at lower
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altitudes. This appears to result from extra variability in the summer months between May and
September. This might result from the waves ascending into this region without breaking.
Alternatively, this might result from variability in the summer northward meridional flow. There
are month-long periods with reduced variability starting shortly after the spring and fall
equinoxes, one centered on mid-April, the other on early November. Given the timing, shortly
after the equinoxes, might these two periods of reduced variability be related to a slightly
delayed reversal in the interhemispheric circulation?

In addition to temperatures and variability, this extensive dataset has been used to
investigate a number of aspects of the middle atmosphere such as SSWs (Sox et al., 2016),
gravity waves (Kafle, 2009), neutral densities (Barton et al., 2016) and special events such as
noctilucent clouds (Wickwar et al., 2002; Herron et al., 2007). Initial efforts have also been
made to examine the combined effects of solar variations and climate change on the observed
temperatures (Wynn, 2010).

While much has been learned from this extended mesospheric dataset from ALO-USU,
still more can be learned from it. To further explore the mid-latitude mesosphere, more
extensive comparisons are needed with other Rayleigh lidars located between 40° and 45° N, and
with both empirical and reanalysis atmospheric models and with first-principle models. To
explore the mesosphere more globally, comparisons are needed with Rayleigh lidars at both
lower and higher latitudes.

A number of additional questions can be examined with new and improved data. The
ALO-USU data set is just long enough to give an inkling about long-term trends (Wynn, 2010).
However, the atmospheric system is variable enough that systematic longer-term observations

are needed to properly separate long-term trends from short-term variations. Frequent
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observations are also needed to examine structures and trends in such features at the stratopause
and mesopause, as well as to capture and examine special or unusual events. The SSWs and
noctilucent clouds are examples. They were unexpected at a midlatitude site when lidar
operations began, but their observations have furthered what we know about them. Additional
observations of NLCs and correlative observations are needed to better understand their
appearance.

Extended observations are needed from a more sensitive Rayleigh-lidar system, such as
the one that has already been built and tested at ALO-USU (Wickwar et al., 2016; Sox et al.,
2017), that is on the threshold of reaching 120 km. It improves the temperatures in the upper
mesosphere and extends the observations upward well into the lower thermosphere. Downward
extensions of the lidar observations are also needed to better relate mesospheric and
thermospheric temperatures and their variability to what is happening in the stratosphere and
troposphere. Continued observations, adding to what has been observed in the last 20 to 30

years, will help in determining the climatological changes.
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