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ABSTRACT

Results from new observationsof mesospheric temperature inversion layers using long-term lidar measurements
at mid- and
low-latitudes are presented. Observations
of inversions above Table Mountain, California,
(34.479 and Mauna Loa, Hawaii,
(19.5%) are invery good agreement with previous lidar and satellite observations. At least two distinct types of events have
been observed. The winter inversions occur near 70
km altitude at midlatitudes in December-January and about
1-2 months
later at subtropical latitudes. The tidal signature in the middle atmospheric thermal structure has been investigated using more
than 140 hoursof nighttime lidar measurementsat TMF during January 1997 and February 1998. The temperature profiles
(30-85 km) revealed the presence of persistent mesospheric inversions around 65-70km altitude with a clear Local-SolarTime (LST) dependence.Also, some higher altitude inversions (80-85km) have been observed at lower latitudes around the
equinoxesand 1-2 months later at mid-latitudes. In particular the temperature minimum systematically observed
at the
altitude of -80 km and propagating downward throughout the night might also suggest the important role played by the tides.
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1. INTRODUCTION
?he mesospheric temperature inversion layers have been frequently observed and identified since they were first detected
'.
They are characterizedby an inversionof the vertical temperature gradient in the mesosphere from negative to positive. The
most striking events are usually observed at winter midlatitudes near 70
km with amplitudes (defined as the difference
betweenthetemperaturesatthetopandthebottomofthelayer)reaching
40 K. Someinversionlayerswithweaker
amplitudes were also observedat low- and midlatitudes near the equinoxes between 75 and
km85by the Solar Mesospheric
Explorer (SME) ', the Improved Stratospheric And Mesospheric Sounder
( I S M S ) and the Halogen Occultation Experiment
(HALOE) onboard UARS ', and by lidar '. At this time it is uncertain whether the higher altitude inversions and the lower
altitudewinterinversionshavethesameorigin.HauchemrneandMaillardandmorerecentlyLeblancproposeda
dynamical mechanism for the winter inversions
at 70 km while chemical heating and
tidal effects were proposed
7*'to explain
their formationat 80-85 km.
New results from different lidar observationsof the inversion layers will be presented in this paper. Section 2 will briefly
describe the lidar instruments and the database utilized. In section 3 the observation of the inversions at mid- and lower
latitudes will be reported. Then we will focus on the winter inversions observed above Table Mountain Facility (TMF,
34.479 and investigate a possibletidal signature. It is suggested in the discussion (section 4) that pure tidal oscillations or
gravity waveand tides coupling are both serious candidates for the formation
of the inversions.

2. INSTRUMENTS AND DATA SETS.
The results presented here have been obtained using temperature measurements from four ground-based Rayleigh lidars
located at mid- and low-latitudes. The CNRS-Service d'A&onomie lidar at the Observatoire de Haute-Provence, France
( O m ,44W, 6.o"E) has operated since 1978 and a second lidarat the Centre d'Essais des Landes(CEL, 44"N, 1.o"w) was
operated between 1986 and 1994. These lidars typically made measurements all night long (approximately 6 to 12 hours a
night) on 4-5 nights a week depending on the season and weather permitting. The Jet Propulsion Laboratory
(JPL) has
operated lidars at the Table Mountain Facility, California (TMF, 34.4"N, 1 1 7 . m since 1988 and at Mauna Loa, Hawaii
(MLO, 19S0N, 155.6"w) since 1993. Both JPL lidars routinely make a 2 hour measurement early in the night, 4 nights a
week, with some additional full night campaigns in 1996, 1997, and 1998. Measurements from 1244 nights at
OW, 670
nights at CEL, 686 nights at TMF, and 411 nights at MLO were used to obtain the climatological results presented below.
Two of the JPL lidar full night campaigns performed TMF
at in January 1997 and February 1998, leading to a total
of 140

hours of nighttime measurements distributed between
-19:OO and -500 LST have been used to investigate thetidal signature
in the winter midlatitude temperature inversions.
Basically, the lidars transmit a laser into the atmosphere where it is Rayleigh backscattered by the
air molecules. The
intensity of the backscattered radiation received by a telescope on the ground
is proportional to the numberof molecules, i.e.
the air density. The temperatureis then deduced from the density using the classic hydrostatic equilibrium and ideal gas law
assumptions. The potential20 K total error at the top of the profiles (principally due to the use
of a priori information and to
the low signal at the top) decreases rapidly to a few kelvins 10 km below, and to a few tenths of kelvins 20 km below. The
instrument specifications and principle have already been extensively documented
'.

3. DATA ANALYSIS AND RESULTS
3.1 Climatology of the temperature inversions.

Figure 1 shows 9 nightly mean temperature profiles taken between December 1 and 10, 1991, at O W ( 4 4 O N ) . The shaded
area represents the temperature plus and minusits calculated total error. The dashed lines indicate the monthly temperature
climatology for December taken from CIRA-86
'. A strong temperature inversioncan be seen to develop near70 km starting
on December 2, reaching a very large55 K amplitude on December 5, then weakening and almost disappearing on December
10. This illustrates the magnitude and day-to-day variability of such winter inversions. Lifetimes
of a few hours to a few days
have been reported in the past
'.
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Figure 1. Nightly mean lidar temperature profiles between November
30 and December 10,1991 over OHP (44.0°N).
Integration times run from 645
h min to 12 h depending on weather conditions. dashed
The line is the CIRA-86 profile.
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Figure 3. Same as figure 2, but over MLO (19S0N, 155"W) for October 10, 1996. Starting and ending times are525 UT
and 15:01 UT. The dotted-dashed lines
are the CIRA-86 climatology for October at the latitudeof MLO.

Figure 3 shows the nighttime evolution of a temperature inversion observed at MLO (19.5"N) on October 10, 1996. In
contrast to the winter inversions observed near65-70 km at O W and TMF, this inversion takes place near80 km. The 40 K
amplitudeobservedhere is largerthanthetypical
10-20 K morefrequentlyobserved at thisaltitude. A downward
propagation throughout the nightis clearly observed. Some similar low-latitudes lidar observations
of temperature inversions

have been reported previously by Dao et
al lo. Although their calculations were presented for a single
day only (October 21,
1993), they inferred that the vertical phase speed and vertical wavelength
of -20 km corresponded to a diurnal tide.
Figures 4 (a) to (d)show the climatological averageof the amplitude of the inversions as a functionof altitude and season,
observed at OHP (a) between 1984 and 1995, at CEL (b) between 1986 and 1994,
at TMF (c) between 1990 and mid-1997,
and at MLO (d) between mid-1993 and mid-1997. The altitude
of the inversionsis defined here as the center
of the inversion
search for inversion layers was performed only up
layer. In order not to introduce errors due to the a priori initialization, the
to about 10 km below the actual topof the profiles. This leads to top altitudes around
82 km for OX", CEL, and MLO, and
78 km for TMF. At mid- and subtropical latitudes (i.e. OX", CEL and TMF), the amplitude of the inversions at 70 km
follows a well defined annual cycle with a maximum in winter. The winter maximumat TMF occurs 1 month later than at
OHP and CEL (in January-February instead of December-January). This was already observed in
a recent temperature
climatology l l . At 80 km a larger but narrower maximumis observed in October-November thatis well separated from the
winter inversions, especially at OHP. Though they appear to be separated from the winter inversions in Figure 4, it was
shown l 1 that the warm winter midlatitudes mesospherestarts up in early November around80 lan altitude. Then a warming
period propagate downward from 80 km in early November to 70 km in late January l l . Although also seen in the TMF
results, this October-November maximumis to high to be observable in Figure 4. At
MLO, the winter inversions are almost
absent. Instead, a well defined semiannual cycle is observed at 80 km with maxima around the equinoxes. Despite some
occasional altitude shifts these results are in good agreement with the satellite observations from SME ', and I S M S and
HALOE '.
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Figure 4. Monthly mean amplitude(K) of the mesospheric inversion layers as a function
of season and altitude fora) OHP,
b) CEL, c)TMF and d)MLO.
3.2 Nighttime evolutionof the mesospheric tenaperatwe inversions.

Lidar temperature profiles obtained during
5 nights from January 7-11, 1997, and 7 nights between February 26 and March
4,
1998 were used to investigate the relationship between the temperature inversions andLocal
the Solar Time (LST). A total
of
140 hours of lidar measurements distributed from 18:OO to 5:OO LST were available (maximum of 11-hours of continuous
measurements per night). The raw lidar data foreachof the 5 nights of January 1997 were combined to obtain mean
nighttime profiles for January 1997, sampled every hour between 18:OO and 5:OO LST. The same methodwas employed to
obtain mean nighttime profiles for February 1998, and similarly profiles combining January 1997 and February 1998. For the

threeperiodsdefinedabove,thenightlyaverageprofilewassubtractedfromeach
of thehourlymeanprofiles.The
temperature differences obtained in February 1998 every hour between 18:OO and 500 LST are contoured as a function of
altitude and time in Figure5. For brevity, only the results from February 1998 will be shown. A very similar behavior has
been observed in January 1997.
A well defined thin layer of strong temperature change between 60 and 70
km, can be
observed in figure 5, the result of the downward propagating temperature inversions.Also well defined is a wide la er of
continuous cooling between 40 and 60 km and highly consistent with previous observations at winter midlatitudes !
' The
temperature differences observedby lidar were compared to the corresponding values calculated from the outputs of tidal
models. The diurnal and semidiurnal phases and amplitudes from GSWMl3 were used to compute the GSWM temperature
differences from nighttime average. These differences predicted by GSWM in January
at the latitude of TMF are plottedin
figure 6 with the same scales as figure 5. This way, the lidar results can be directly compared to GSWM. Since
it has
frequently been found that observed diurnal and semidiurnal amplitudes and those predictedby GSWM differ by at least a
factor oftwo
143
, the differences plotted in Figure 6 were determined by doubling the GSWM values. Remarkable
similarities are found between the lidar and
GSWM results. The warm early night and cold late night observed between 40
and 60 km is predictedby GSWM but between40 and55 km. The cold early night and warm late night observed by lidar in
the thin layer 65-70 km (result of the downward propagating temperature inversion)
is also predicted between 55 and 65km
by GSWM but with a much smaller amplitude. This last result would indicate that the mesospheric temperature inversions
observed above TMF in winter are the result of the combined effect of the diurnal and semidiurnal components. Finally,
although some geophysical and instrumental noise remains above
75 km in the lidar data it seems that the beginningof the
night is warmer than the end of the night, especially in January 97 (not shown). This
is still observedin February 98 but with
a weakeramplitude.Againthis
is ingoodagreementwithGSWMwhichpredicts
alargereffect of thesemidiurnal
component in January than in April (not shown).
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Figure 5. Hourly-mean lidar temperature differences from Figure 6. Same as figure5 but the temperature differences
the amplitudesof
the nighttime average calculated for 7the
nights of February were calculated using the phases and twice
the diurnal and semidiurnal components predicted
by GSWM
1998 taken together.
at 34.4"N in January.

4. DISCUSSION AND CONCLUSION.
Figures 1to 6in this paper reveal three principal results:
1) The observations of the inversion layers above TMF (34.4"N) and MLO (19.5"N) are in very good agreement with the
previous observations and climatologies obtained
by lidar, SME, ISAMS, and W O E at similar latitudes29'.
2) There appear to be
at least two distinct types of inversions:

- The first are thewinter mid-latitude inversions occurring near 70 km altitude in December-January above OHP and CEL
(44"N) and 1- to 2-months later above TMF (34.4%). The winter inversions have previously been observed many times in
both Northern and Southern hemispheres by
SME, ISAMS, and I-IALOE~'~.

- The second typeof inversions occursat higher altitudes (80-85km) at the equinoxes aboveMLO (19.5"N). Many inversion
layers have also been observedat these altitudes and at the equinoxes
by SME, I S M S , and W O E at low latitudes, with a
maximum amplitude at the equator
'.
- A possible third kindof inversion has been observed in October-November near80 km above OHP, CEL, and TMF. These
inversions appear tobe well separated from those occurringat 70 km in winter and it is not clear whether they belong to the
first type (winter midlatitude inversions) or to the second (equinox inversions),
or even to a third type
3) The winter inversions above TMF have been found to be strongly LST-dependent, with some remarkable qualitative
similarities in the resulting thermal structure with tidal
the model GSWM.
Lidar-TMF estimations for February 1998
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Figure 7. Diurnal (left) and semidiumal (right) amplitudes (top) and phases (bottom) estimated from the February 1998 lidar
measurements at TMF (solid lines and circles) and predicted
by GSWM at 34.4"N in January (dotted lines and triangles).
Despite some important quantitative disagreement, result3) would suggest that the middle atmospheric tides play a key-role
in the formation orat least in the modulationof the temperature inversions. The logically occurring question is:Is this layer
the result of a purely tidal signature, or is there a local effect (such as a 24-h period gravity wave forced in the lower

atmosphere), or could it be the resultof coupling between gravity waves and tides? The suggestion of a local effect seems to
be less probable since the temperature inversions and their LST-related behavior have been frequently observed
at different
locations 4, l5 preferentially suggesting a more global effect. Therefore in the following discussion,
we will focus only on the
possible effect ofpure tidal oscillations and on the possible of
effect
gravity wave-tidal coupling.
Assuming that the lidar observations in the mesosphere and, in particular, the temperature inversions are representative
of a
pure tidal signature, a major theoretical barrier hasbetoovercome. How large can the diurnal and semidiurnal amplitudes
be
at 70km altitude to lead to inversions with frequent
25 K amplitudes? Using a "first guest" method and using simulated
data,
the diurnal and semidiurnal phases and amplitudes have been estimated using the nighttime lidar profiles. A detailed method
for the estimation of the tidal components has been recently presented by Leblanc l6 . While the semidiurnal component
remains smaller than the diurnal component (especially below 70
km) and consequently could not be correctly estimated in
the entire middle atmosphere, the diurnal component has been clearly identified. The diurnal and semidiurnal component
estimated from the lidar observations are plotted in figure 7 together with
of GSWM.
that It appears that the estimated diurnal
amplitude and phase are qualitatively close to those calculated by GSWM but shifted by a few kilometers in altitude. In
particular, the fast phase transition calculatedbetoaround 58 km by GSWM and corresponding to the transition between the
upper stratospheric forced (trapped) modes and the upward propagating modes has been estimated using the lidar
data to be
around 63 km, i.e., -5 km higher. Immediately above this altitude the warm latenight following the cold early night is the
consequence ofa fast growing diurnal amplitude with height. However, this behavior
is contained in only a5-8 km thin layer
because of the emergence ofthe semidiurnal component
at upper altitudes. This latter together with the diurnal component
is
responsibleforthewarmearlynightthencold
late night observed between 70 km and 75 lan. The estimated diurnal
amplitude has a minimum 58
at km (transition between trapped and propagating modes) and a maximum
of 6.5 K at 65 km,
with an associated phase around 2:OO LST. The diurnal amplitude calculated by GSWM has its minimum at 56 km and a
maximum of 2.5 K around 72 km. The estimated semidiurnal phase is close to that of GSWM, with still a factor of two
between the calculated and estimated amplitudes. Thus, using estimated components qualitatively close to those calculated
by
GSWM it is possible to reproduce adequately the nighttime behavior
of the temperature inversions. The cold bottom part
of
the inversion is mainly governed by the diurnal oscillation while thewarm top part of the inversion is actually governed by
both the diurnal and semidiurnal oscillations. Above 75
km, the semidiurnal component is dominant and leads to a cold
midnight and warm late night above80 km. The resulting temperature profile above 75km therefore shows the downward
propagation of a second inversion withits bottom observableat the end of the night in someof the lidar profiles around80
km altitude (notshown).
Although it has been shown that it is at least qualitatively possible to explain the formation
of the temperature inversions with
the effect of pure tidal oscillations, the alternative explanation
of a gravity wave-tidal coupling is not unlikely. Indeed, using
2D numerical modeling Liu and Hagan l7 have shown that the altitude and severity of the gravity wave breaking and
its
consequences can be strongly influenced by thebackgroundwind,especiallythetidalwind.Thegravitywavebreaks
preferentially in the region of strongverticalshearwiththesamesign
as that of thegravitywavephasespeed.Then,
turbulence,diffusionandadvectionleadtocoolinandheatinglayers,followingthesamemechanismsasinprevious
modeling of gravity wave-mean flow interaction '** 19. The difference to previous modelingis the LST dependence of the
vertical shear (orin case of wave overturning the suradiabatic temperature gradient) and consequently the LST dependence
of
the formationof the inversions. This LST- and, especially, gravity wave-related mechanism would clarify two major striking
features which have not been elucidated previously. The strong day-to-day variability observed in many cases and the large
amplitudes, sometimes reaching3540 K at winter midlatitudes '. In addition, the simulations are able to produce a second
temperatureinversion(multiplebreakinglevels)locatedoneverticalwavelengthhigherwhich
is consistentwiththe
observations
At this time, there areno available observations capableof favoring eitherof the two possible mechanisms described above
for the formationof the winter midlatitude temperature inversions. The similarities between the observations and the outputs
from GSWM are remarkable but there is still a large disagreement in the amplitudes involved to assert that purely tidal
oscillations are responsible for the formation of the temperature inversions. On the other hand, numerical modeling has
shown that LST-dependent temperature inversionscan develop after gravity breaking but the mechanistic model used in that
case is at an early stage of development and more simulations have to be made to locate and quantify more precisely the
resulting mesospheric heating and cooling.
In contrast, the higher altitude inversions
(85-90 km) occurring at lower latitudes
during the equinoxes and at mid-latitudes 1-2 months later may be more directly tidal related. Their observed seasonal
variations and amplitudes are more consistent with the tidal theory.
For both winter inversions and high altitude inversionsit
isprobablethatseveralmechanismsinteractwitheachother.Moretemperaturemeasurementsinthemesosphere,in
particular over full %-hour cycles, are necessary to refine our estimations
of the theamal tidal components and havea better

understanding of the middle atmospheric thermal structure. The future development
of daytime lidar measurement techniques
and long-term satellite measurements may hopefully bring new answers.
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