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Abstract

Long term measurements from several lidar instruments (Rayleigh and sodium) located at 44.0°N, 40.6°N, 34.4°N,
and 19.5°N have been used to develop anew climatology of the middle atmosphere temperature. For each
instrument, the measurements on every individual day of the year over the entire long-term record were averaged to
build a composite year of temperature profiles. These profiles were then interpolated to provide temperature values
at 1 km dtitude intervals so that the climatology comprises daily temperature values at integer altitudes between 15
and 110 km, depending on the instrument. The climatologics for each lidar were then compared to the CIRA-86
model and to each other. Large differences between the lidar temperatures and the Cl RA-86 temperatures arc
identified and explained, When compared to al instruments, CIRA-86 seems systematically much too cold between
90 and 95 km, by 20 K or more, and possibly 6-8 K too warm around 80 km, making its usc as a reference
atmosphere model questionable at these altitudes. The annual and semi-annual components of the seasonal
variahility and the 2- to 33-day period variability were investigated, An annual cycle with 6-7 K amplitude in the
upper stratosphere, increasing to 15-20 K at 80 km, is observed at mid-latitudes. This cycle isin phase with the solar
flux in the stratosphere and in opposite phase in the mesosphere with a very cold summer mesopause at 85 km, in
good agreement With previous climatologics. At lower latitudes, a semiannual oscillation (SAO) propagates
downward from 85 to 30 km and is characterized by a stronger first cycle than the second (4 K and 2 K amplitude
respectively). The 2-to 33day variability at mid-latitudes shows a maximum during winter around 40 km and in the
mesosphere. The first peak is associated with planetary wave activity and stratospheric warmings, and the second to
the occurrence of mesospheric temperature inversions. Finaly, sudden seasonal transitions, highly consistent
between all instruments, have been observed. In particular, in the early winter mid-latitudes a two-step warming of
the winter mesosphere between 65 and 85 km as well as a cooling of the lower mesosphere appear to be real
climatological events rather than some short-term geophysical or instrumental random variability.



1. Introduction

The temperature structure of the middle atmosphere has been studied for several decades. The first investigations
used rocketsondes and falling spheres to measure temperature profiles up to 60-90 km but with relatively poor
accuracy due to uncertain radiative and aerodynamic heating corrections [Schmidlin, 1981]. Flterman[1951] had the
idea to measure the atmospheric density using Rayleigh backscattering. The first experimental [Kent and Wright,

1970] and systematic [Hauchecorne and Chanin, 1980] temperature profiles derived from Rayleigh lidar
measurcments Of the relative density of the middle atmosphere provided improved vertical resolution and accuracy.
Unfortunately, most of the ground-based methods cited above made measurements above lands located in the
northern mid-latitudes. The crucial need for a better horizontal coverage, especially for low-latitudes, ocean areas,
and the southern hemisphere, led to the development of satellite measurements, The Pressure Modulated Radiometer
(PMR) [Curtis et al., 1974] in the seventics, together with the Limb Infrared Mcsosphcric Sounder (LIMS) [Gil/e et
al., 1984], the Stratospheric And Mcsosphcric Sounder (SAMS) [Rodgers et al., 1984], the Stratospheric Sounding
Units (SSU) [Miller et al., 1980], and the Solar Mcsosphere Explorer [Clancy and Rusch, 1989] in the eighties,

progressively obtained global coverage of the middle atmospheric temperature profiles. However, the vertical
resolution of the satellite measurements remained poor compared to most of the ground-based instruments. More
recently the Upper Atmosphere Research Satellite (UARS), launched in Scptcmbcer 1991 and especially dedicated to
the study of the middlie atmosphere, carried four instruments to measure stratospheric and lower mesospheric
temperatures: the Microwave Limb Sounder (MLS) [Fishbeinet al., 1996], the Cryogenic Limb Array Etalon
Spectrometer (CLAES) [Gille et al., 1996], the Halogen Occultation Experiment (HALOE) [Russell et al., 1996],

and the Improved Stratospheric And Mesospheric Sounder (I SAMS)[7aylor et al., 1996]. Some of these
instruments arc still operating to this date, providing one of the most extensive satellite data sets ever obtained, but

still with a poor vertical resolution characteristic of the passive remote sensing methods used

Currently, lidar measurements provide the best vertical resolution and accuracy for middle atmosphere temperature
studics (stratosphere and mesosphere, -15 to -100 km). Also, they can provide long-term data series relatively
absent of instrumental drift and an integration of the measurements over several hours removes most of the gravity
wave-like short scale disturbances. Lidar is thus onc of the most suitable instrument for studying variations of the
middle atmosphere tempcrature On various time scales [Derr and Little, 1970]. This paper will describe a seasonal
climatology of the middle atmosphere temperature derived from lidar measurements obtained at several mid- and
low-latitude locations. Results from the following lidars, which have all obtained along- or at least mid-term
measurements record, were used in this study: the two Rayleigh lidars of the Service d’ Aéronomie du CNRS,
France, located at the Observatoire dc Haute Provence (OHP, 44.0°N) and at the Centre d’Essais dcs Landcs (CEL,
44. 0°N), the two Rayleigh lidars of the NASA-Jet Propulsion Laboratory, USA, located at Table Mountain,
Cadlifornia(TMF, 34.4°N) and at Mauna Loa, Hawaii (MLO,19.5°N), and the Colorado State University, USA,
sodium lidar located at Fort Collins, Colorado (CSU, 40.5°N). The overall data set extends from 1978 to 1997 with
different periods of measurcments depending on the instrument, Three of the instruments arc located at primary or
complementary stations (OHP, TMF, MLO) within the Network for Detection of Stratospheric Change (NDSC).
The NDSC network will soon include seven different latitude ranges, providing an extensive latitudinal coverage of



ground based measurements. After a short technical description of the instruments, data sets, and data processing,
several aspects of the temperature climatology obtained by lidar in the middle at mosphere arc presented.. These
include the climatological temperature average through the year; the differences compared to the CIRA-86
climatological model, a comparison between the lidar instruments, annual and semi-annual components of the
climatology, and 2-to 33-day period variability.

2. Brief description of the Rayleigh and sodium lidar principles.

Rayleigh and Raman scattering: Laser radiation emitted at wavelength 4 and transmitted into the atmosphere is
backscattered by the molecules in the atmosphere and collected by a telescope at the same or a different wavelength.
When the Mic scattering duc to the agrosols particles is negligible compared to the molecular scattering (i.e. above
30 km) the number of photons received from a scattering layer &z, at a mean altitude z, is proportional to the number
of photons emitted in the laser pulse and to the number of air molccules (or air density). For Rayleigh scattering the
emitted and received wavelengths arc the same. Assuming that the only non-negligible absolution in the atmosphere
is duc to ozone, the atmospheric density can be derived from the Rayleigh lidar equation and written:

2
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where N(2) is the number of photons received, per laser pulse, from atitude z by atclescope at altitude zo.7,,, and
o3 are the optical thickness integrals for the Rayleigh extinction and the ozone absorption between the altitudes zo
and z. Kis an undetermined proportionality constant dependent on instrumental parameters, nez), is the number of
photons coming from the natural sky background light added to the photon and electronic noise from he counting
system. For vibrational Raman scattering the scattering process, the cross sections, and the received wavelength
(backscattered by the nitrogen molecules) arc different [e.g. Keckhut et al., 1990]. Consequently, the transmission
terms ro, aNd 703, and the constant K in equation (1) have di ficrent values. The vibrational Raman scattering is
roughly 1000 times weaker than the Rayleigh scattering but is relatively insensitive to aerosols making it useful to
obtain temperatures at lower atitudes (typically between 15 and 35 km). After subtracting the noise from the
Rayleigh or Raman signal, the temperature is deduced from the relative density (i.e., the unknown constant K is not
required) using the hydrostatic eguilibrium and ideal gas law assumptions [fauchecorne and Chanin, 1980]. A
priori temperature information is needed at the top of the profile and is usually taken from climatological models
like CIRA-86. The total error in the temperature at the top due to this a priori initialization can be larger than 20 K
but rapidly decreases as the temperature profile is integrated downward (typically divided by a factor of 3 every 10
km). Detailed reviews of the different sources of temperature uncertainty arc given for example in [Donovan et al.,
1993, Keckhut et al., 1990, and Leblanc et al., 1997].

Sodium layer laser-induced-fhrorcscence: The two-frequency, narrowband Na temperature lidar system relics on
laser-induced-resonance-fhrorcscenee from naturally occurring sodium atoms in the mesopause region, Since the
sodium resonance-fluorescence is -14 orders of magnitude stronger than the Rayleigh scattering, even a lidar with a
modest power-aperture product is capable of obtaining profiles with good signal-to-noise. The operating principle of



this lidar has been described in detail for example by [Ske er al., 1992]. Briefly, laser-induced-fluorescence intensity
profiles arc measured at excitation frequencies that arc sensitive to temperature changes; the D,, peak and cross-over
Doppler-free resonances, respectively, at v, =-651.4 MHz and v, = 187.8 MHz measured relative to the Na D,
transition at 589.158 nm. The return profiles for a predetermined time interval arc measured aternately at the two
excitation frequencies v, and v.. The measured profiles arc first background corrected and then normalized to
Rayleigh scattering at 30 km. For this climatological study, the normalized and background-subtracted photocount
profiles, I, and 1,, integrated throughout the night arc averaged separately for each frequency. After the nightly mean
signa profiles have been vertically smoothed (typically few kilometers) a ratio profile, R7(z)= 1. /1. is calculated.
Nightly mean temperature profiles arc then deduced from the ratio profile R7(z).

3. The instruments, database and data processing:

At mid-latitudes, the CNRS-SA Raylcigh lidar at OHP (44.0°N, 6.0°E) has obtained measurements between 30 and
95 km from 1978 to the present with 75 to 300 m vertical resolution, and that at CEL (44.0°N, 1.0°W) from 1986 to
1994 with 300 m vertical resolution. Profiles arc obtained during the entire night if the weather conditions arc good
(no cloud, and weak wind). This gives an average of 5-6 hours integration of nighttime measurements, about 4-5
days aweek (150-200 profiles per year). The total estimated tcmpcraturc error at the top of each profile is about 20-
25 K, including a priori initialization and statistical noise. This error drops to Icssthan 1 K at mid-range (typically
55 km) and below. The CSU(40.6°N, 105. 1°W) Nalidar has obtained mesospheric temperature measurements in
the Na layer between 80 and 110 km since 1993 with an initial 75 m vertical resolution smoothed over 3 km.
Quality, regular nighttime temperaturc measurements, i.e., on average four to live nights a month with 4 hours or
more observations each night, were started in May 199J. Observation on nights with good winter weather conditions
occasiondly lasted longer than 11 hr and statistically observations were evenly distributed throughout the night. The
total estimated temperature error is less than 5 K and 9 K at the top and bottom of the profiles respectively, dropping
to 0.6 K at mid-range (typically 90 km).

At lower latitudes, the NASA-JPL Rayleigh lidars {AfcDermid et al., 1995] located at TMF (34.4°N, 117.7"W) and
MLO (44.0°N, 155.6°W) have obtained temperature measurements between 30 and 80 km since 1988, and between
15 and 90 km since 1993 respectively. Most of the “routine mcasurements” comprise a 1.5-2.0 hour integration
experiment, usually a the beginning of the night 4-5 nights a week, insuring a good survey of stratospheric ozone
and temperature as required by the NDSC program. The associated temperature errors arc similar to that of the
French Rayleigh lidars, but the top of the profiles arc slightly lowered. To avoid any confusion of definitions, MLO

will be considered hereinafter as a “tropical” latitude site and TMF as a “sub-tropical” latitude site in contrast with
the other sites located at “mid-latitude’.

For all instruments, each individua temperature profile was interpolated to obtain data points every onc kilometer
thus making the data analysis and the comparisons between instruments easier. Table 1 illustrates some basic
characteristics of each instrument together with the corresponding data sets used in this study (individual profiles).
The most complete database was obtained at OHP, then TMF and CEL, then MLO and CSU. For some instruments
with along period of mcasurcments the oldest years were not used as noted in table 1. This applies to OHP (starting



measurements in 1978 but using 1984 as the first year) and TMF (starting in 1988 but using 1990 as the first year).
There are two main reasons for not using the entire database. 1) For OHP, there were only a limited number of
measurements during the years 1978-1983 so that omitting these years does not 1osc much information. Also, it is
interesting to compare the current climatology (1984 - 1995) with that previously obtained for the period 1978-1989
by Hauchecorne et al. [1991]. 2) For both OHP and TMF, the results obtained during the first months or years of
measurements and certainly before processing to an “operationa routine mode” were considered experimental or
preliminary and may have been affected by instrumental changes, and/or by some noisy profiles. Thisis not the case
for MLO since the lidar group in charge with this instrument is the same as for the TMF instrument (NASA-JPL).
Asshown in Table 1, the top of the profiles was truncated about 10 km lower than the initia cut-off altitudes cited
above. This way, the results containing a non negligible part of “apriori” information and/or noise will not be shown
and the resulting statistical error drops by at least a factor 3. For al instruments this error is still high (-5 K) but the
long period and/or the large number of measurements for most of the instruments will reduce it to few Kelvins for
the composite daily and monthly mean profiles. High confidence levels are expected up to 75 km altitude. Also, the
bottom of the TMF profiles was truncated at 32 km instead of 30 to avoid any direct effect of volcanic aerosols,
especially after the eruption of Pinatubo (eruption in June 1991, major effect in spring-summer 1992). For CSU,
depending on photon noise, typical measurement accuracy for the nightly mean temperatures arc -0.6 K near the
peak (92 km) and -4 to 8 K at the edges (80 km and 108 km) of the Na layer. Thus, unlike Rayleigh and Raman
scattering whose accuracy decreases as altitude increases, the sodium lidar measurement is most accurate near 92
km where the sodium density peaks. Although temperature measurements were typically made between 80 and 110
km at Fort Collins, Colorado, the hours of observation and altitude ranges covered are shorter in summer due
respectively to shorter nights and lower Na densities compared to winter. Therefore, only CSU profiles between 84
and 105 km arc used for this climatological study. At OHP, CEL, TMF and MLO, the effect of the Pinatubo
eruption (June 199 1) was observed in the profiles below -30 km, The total number of profiles obtained per month is
highly variable, depending on the instrument.

4. Data analysis and results
a Climatological temperatures

For each instrument, al individual temperature profiles (from 249 to 1244 profiles depending on the instrument, sce
Table 1) were merged into a composite single year of data, A weighted running average with a triangular 33-day
width filtering scheme was applied to each day of the composite year that a profile was available. The remaining
days with no profile were tilled with an interpolated profile obtained using a two-dimensional minimum curvature
splint surface method. Although these interpolated profiles were plotted, they were not retained in the numerical
database in order to avoid inaccuracies in the different analysis steps described in this section. No removal of tidal
structures was performed. At mid-latitudes, the semidiurnal tide is expected to be dominant, with afew Kelvins
amplitude at 80 km, For OHP, CEL, and CSU, most of the measurements were taken over the entire night,
minimizing the effect of the 12-hour oscillation, At TMF, where measurements are performed during 2 hours in
routine mode, the top the profilesis lowered to 75 km, and the semidiurnal amplitude has decreased significantly. At



MLO, therole of the diurnal and semidiurnal tides may not be negligible above 80 km, as well as the diurnal
component at CSU above 90 km. The effect of tides will be discussed each time it is considered necessary.

‘f"he mean annual temperature climatologics obtained for OHP, CEL, TMF, CSU, and MLO are presented in Plates
lato 1 d. For case of comparison the color scale and the altitude range (Zup-zswuom) iN these plates, and also most
other plates in this paper, arc identical for al instruments. A distinctly defined temperature pattern is observed at all
sites. Plate 1 d (MLO) clearly exhibits a semiannua cycle at the stratopause (maximum of 266 K at 47 km) and an
annual cycle in the lower stratosphere with a very cold minimum of 190 K at 17 km, identified as the tropical
tropopausc. As expected at these latitudes, the amplitude of the seasonal variations is weak, At the top (80-85 km),
where the effect of the mesospheric tides is the largest, the measured cold temperatures arc more representative of
early night temperatures than nightly (or even a 24-hours) mean temperatures,

For OHP, CEL and TMF (Plates 1ato 1c), a familiar mid- and subtropica latitude warm summer and cool winter
stratosphere is observed with a maximum of 272 K in May-June and a minimum of 255 Kin early November at the
stratopause altitude of 47 km. A characteristic warm winter/cold summer mesosphere is also observed with a
maximum of 220 K in December and January, and a minimum of 195-200 K in May-June at 75 km. For OHP,
temperatures lower than 175 K are observed at 85 km in June-July, in good agreement with previous climatologies
{Hauchecorne et al., 1991] and 2-5 K colder than the 175-180 K measured by the Na lidar at Fort Collins (Plate 1c).
The weak negative vertical temperature gradient observed in winter at OHP, CEL and TMF is the consequence of
the seasonal average of the so-called mesospheric temperature inversions occurring during the entire winter at OHP
and CEL, and more specifically in February at TMF. A more detailed description of the temperature inversions is
presented in [Leblanc and Hauchecorne, 19978]. The temperature pattern above CSU is not very different from that
described by Yu and She [1995] in their first climatology. The main difference isin spring and fall, where the so-
called “double temperature minimum” is no longer a significant part of the climatology. Instead, a continuously
cooling layer in spring and warming layer in fall can be observed between 85 and 95 km, As for the temperature
inversions, this can be interpreted as the result of the seasonal average, The double minimum is now only observable
in early April. The most significant feature observed in Plate 1c isthe evidence of a 2-state mesopause, as aready
reported by Yu and She [1995]. The “winter state” is characterized by a temperature minimum located about 103
km, with 2 absolute minima (185-190 K) in spring and fall. The “summer state” is characterized by a temperature
minimum at 85 km, with an extremely cold summer mesopause (< 180 K). The transition between the summer and
winter mesopause is short, taking less than two months (April-May and August-September) as already reported by
Senfl et al. [1994]. Another remarkable similarity between OHP, CEL, CSU and previous observations at Urbana
(40°N, 88°W) [Bills and Gardner, 1993] is the total temperature difference of 40 K between winter and summer in
the 85-95 km range. Despite the high variability reported at these altitudes (Bills and Gardner reported a115 K
maximum amplitude at 90 km) the calculated climatological temperatures are 210 K, 215 K and 220 K, in winter,
and 170K, 175K and 180 K, in summer, at Urbana, OHP, and CSU respectively.



b. Inter-comparison between OHP, CEL, and CSU

The composite daily mean profiles were averaged to obtain the climatological monthly mean temperatures. As
shown in Plate 23, the difference between OHP and CEL does not exceed 6 K between 70 and 80 km. Below 70 km
this difference never exceeds 4 K, with typical valucs between +2 K. The differences observed here arc explained by
1) an interannual variability, since OHP and CEL periods do not match perfectly, 2) aresidual atmospheric
variahility, since the measurements arc not necessarily simultaneous, and 3) a residua instrumental noise at the top
of the profiles. The maximum of 6 K above 80 Km in January-February can be considered as the extreme error in
determining the climatological temperatures for both instruments at that height. Below 60 km this error drops to
under 2 K. Since the results obtained at OHP and CEL arc aimost identical, data from both sites will be computed
and plotted together, as a single mid-latitudes site (44°N) hereinafter called “OHP+CEL”. Results from OHP and
CEL will be shown separately only if significant differences are observed, or if there is a need for an inter-
comparison.

The difference between the OHP+CEL. temperatures and the CSU temperatures arc shown in Plate 2b. The
overlapped atitudes are initially 80-90 km, but the significant results actually appear between 83 and 87 km, In fact,
the lower part of the CSU profiles is systematically too warm below 82-83 km due to the decrease in Na
concentration and a conseguent increasing uncertainty and systemat ic error in the Nalidar analysis method, Above
85 km, the OHP+CEL temperature profiles contain a non-negligible part of CIRA climatology due to the a priori
initializetion at the top. A negative difference is observed at 85 km and above in Plate 2b. This difference will be
explained below when comparing the observed climatology to the CIRA-86 climatology.

C. Difference from CIRA-86

The monthly mean lidar temperatures were subtracted from the monthly mean CIRA-86 climatological
temperatures. The first temperature climatology was obtained using the early radiance measurements (1975-78) of
the Pressure Modulator Radiometer measurements (PMR) aboard Nimbus 6 [Curtis et al., 1974; Labitzke and
Barnett, 1981], and the Selective Chopper Radiometer (SCR) aboard Nimbus 3 (1973-74) [Elliset al., 1973]. The
CIRA-86 temperatures [Fleming et al., 1990] were then derived up to 86 km from the Middle Atmosphere Program
(MAP) model on one hand {Barnett and Corney, 1985], and from an extrapolation of the Mass Spectrometer
Incoherent Scatter (MSIS-83) thermospheric model between 120 and 86 km on the other hand [Hedin, 1983]. The
temperature difference between the observed lidar climatology and the CIRA-86 climatology is plotted in Plates 3a
(OHP+CEL and CSU), 3b (TMF) and 3c (MLO). For convenicnce, and since they have quasi-separated atitude
ranges, OHP+CEL and CSU arc presented on the same plot (Plate 3a) with ascparat ing altit ude of 85 km,

The observed departures from the model have typically 3 origins. The first onc is the usually small magnitude of the
CIRA temperature variability, compared to the observed temperatures. In our case, this applies at mid-latitudes in
the stratosphere, and in the mesosphere above TMF. This is partly duc to the poor vertical and horizonta resolutions
acting as dramatic smoothing when computing the CIRA temperatures, and partly duc to residual noise and/or



variability when computing the observed temperatures. The associated errors remain small, in the order of 1-2 K,
and can not be easily identified.

The second source of departure is related to a systematic error in the CIRA temperatures, also duc to its poor or
irregular horizontal resolution and a poor vertical resolution, or duc to drifting measurements. Once again, this error
remains small in the middle atmosphere but is not negligible since it can affect an entire layer or season, For OHP
and CEL (Plate 3a), the observed temperatures arc systematically 2-4 K colder than the CIRA between 30 and 40
km, especially in summer, and 2-6 K colder between 70 and 80 km, while no systematic error is observed at
stratopause atitudes. These results arc similar to those obtained previously by [Chaninet al., 1990] and
[Flauchecorne et al., 1991] over an earlier period. For TMF (Plate 3b), no significant departure of thistypeis
observed. For MLO (Plate 3c), the entire region between 15 and 55 km is colder than the CIRA (up to 4 K in the
upper stratosphere), which is in good agrecment with the previous SME-CIRA-86 comparisons at similar latitudes
[Clancy et al., 1994]. At mesopause dtitudes this error is dramatically large at mid-latitudes, as illustrated by the
difference CSU-CIRA (top of Plate 3a), where very large positive departure (more than 16 K) is observed in the
entire mesopause region (90-95 km). Once again, Clancy et al., [1994] reported similar SME/CIRA-86 departures,
suggesting that the CIRA is definitely too cold at these heights and latitudes. Consequently, the temperature
initialization using CIRA might lead to too cold temperatures at the top of the OHP and CEL profiles, providing an
explanation of the negative difference observed between CSU and OHP+CEL at 85 km and above (scc Plate 2b).
Thisis confirmed when comparing the seasonal variation of the rnagnitudc of the difference CSU - CIRA and that of
the difference OHP+CEL - CSU: The maximum (+25 K) deviation between CSU and CIRA at 90-95 km is observed
in April-May (Plate 3a), just when the (-9 K) maximum OHP+CEL - CSU departure occurs (Plate 2b). In the other
hand, the minimum deviation CSU - CIRA occurs in February, just at the same time as the minimum departure
between OHP+CEL and CSU (-2 K). Duc to this “polluting” effect of an a priori information, the usc of Na tidar or
satellite (SME, UARS) climatological data is currently under investigation by the CNRS/SA and JPL lidar groups,
for initializing the top of their Raylcigh temperature profiles.

The third source of error is related to transient processcs, such as sudden seasona transitions from summer to winter
or stratospheric warmings. The CIRA temperatures have a 1-month time resolution and can not accurately take into
account such processes With time scales shorter than 2-3 months. The associated errors are generaly large. For
OHP+CEL observed temperatures arc up to 10 K colder than CIRA in December and January below 40 km, This
can be explained by the out-of-phase occurrence, between late January and February, of stratospheric warmings at
OHP and CEL, and its equivalent occurring earlier in the CIRA model (December-January). Consequently, the
CIRA istoo warm in December and January. In the lower mesosphere, OHP+CEL and TMF temperatures arc
warmer than the CIRA. A maximum departure of 10 K around 70 km is observed in February at TMF, 4 K at 60 km
in April-May for al mid-latitudes sites, and 4 K (respectively 8 K) at 60-70 km in November above OHP/CEL
(respectively TMF). In the middle mcsosphcrc, OHP/CEL temperatures arc colder than CIRA, with a maximum
departure of 10 K in November at 75-80 km.



For MLO (Plate 3c), the temperature departures arc smaller than at mid- and subtropical latitudes. This is not
surprising since the variability is itself smaller at low-latitudes. Consequently, the errors due to the annual and semi-
annual amplitudes, and the errors due to the seasona transitions arc minimized. In the entire middle atmosphere,
except at two times of the year between 60 and 70 km, the CIRA is warmer. In the stratosphere, the systematic
departure is about 2 K. At 80 km a maximum of 10 K negative departure can be observed, Also, a very specia
pattern is observed at the beginning of the year: A negative departure is propagating downward from 80 km,
associated with a positive departure around 65 km, and a negative departure again between 50 and 55 km. The
similarity in the downward propagation for these three different layers suggests a possible outward sign of a
wavelike structure. In fact, the associated vertical wavelength is closc to that of the diurnal tide (28 km for the first
mode), suggesting that the temperatures measured by lidar at MLO arc representative of early night temperatures. |If
so, the downward propagation observed in Plate 3¢ might be a consequence of the seasonal variation of the tidal
phase. A non negligible role of the Semiannual Oscillation (SAO) may also account for such a structure as well. A
longer database at MLO is anyway necessary to provide a more detailed explanation, Whatever is the source of
departure between the lidar observations and the CIRA-86 model, it has to be noted that these departures arc in very
good qualitative agreement with those reported in [Clancy et al., 1994] (sec for instance their figures 6 and 7, and
compare to our Plates 3). Quantitatively, some differences of few Kelvins remain, but this can easily be explained
by the different vertical resolutions of the SME and lidar instruments, and by a non-negligible interannual
variahility.

d. Temperature deviations from the annual mean

The annual mean temperature profile was then subtracted from each available daily composite profile. Thus, the
composite daily deviation from the annual mean was obtained. Plates 4a to 4c represent this deviation for
OHP+CEL, CSU, TMF, and MLO. As expected for OHP+CEL, CSU, and TMF (Plates 4a and 4b), an annua cycle
is clearly dominant in both the stratosphere and mesosphere. At 67-70 km, its phase compared with the solar flux is
inverted leading to the classic warm summer stratosphere and cold summer mcsosphcerc and vice-versain winter. A
second phase inversion is clearly observed at CSU (top of Plate 4a) around 95-100 km, marking the transition
between the dynamically and chemically or radiativety driven upper mesosphere. These plates, in particular Plate
4a, dso exhibit a warm late winter centered at 35-40 km. This is the signature of the stratospheric warrnings
occurring from January to March at mid- and high-latitudes. This signature is still observable in Plate 4b, but with a
weaker magnitude. Another “warm spot” is observed at 65-67 km in November, reaching 11 K for OHP/CEL, and 8
K for TMF. This feature could already be observed in Plateslato c asa“bump” of warm temperatures in
November between 60 and 70 km.

In contrast to the mid-latitudes sites, MLO (Plate 4¢) primarily exhibits a semi-annual cycle between 25 and 80 km
atitude. Thisis not surprising since MLO is located at 19.5"N and is influenced by the equatorial dynamical pattern
which in turn is affected by both northern and southern hemispheres. The semi-annual cycle observed here is amost
a continuous downward propagating oscillation with an approximate vertical speed of 12 km/month and can be
identified as the thermal semi-annual oscillation (SAO). The so-called mesopause and stratopause SAOS appear here
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as @ combined single SAO propagating downward from the mesopause to 30 km with minimum amplitude at 45 km.
A phase inversion is observed near 82 km similar to that observed by SME at 83 km [Garcia and Clancy, 1990].
‘I"he oscillation is strongly modulated, the first cycle being stronger than the second, The seasona asymmetry of the
wind and tempcrature SAO has been widely reported (sec for example a recent wind and temperature SAO
climatology by [Garcia et al., 1997]). Onc explanation of this by Delisi and Dunkerton [1988] isthat it is a
consequence of a stronger dynamica forcing in the northern hemisphere. However, duc to the relatively northward
location of MLO, the late winter maxima and early summer minima of the mid-latitude annua cycle and the
equatorial SAO arein phase and may also cause the first oscillation of the semi-annual cycle to be of larger
magnitude than the second. Finally in Plate 4c, an annual cycle is observed below 25 km and a “cold spot” can be
noted in November at 64 km at amost the same altitude as the previously observed “warm spot” at OHP+CEL and
TMF,

c. Annual and semiannual cycles

The annual and semiannual components can be separated by fitting the results to a multi-parameter sinusoidal
function of the form:

22 -1(2)

o | 2n(t - 9y(2))
T(t2)=Tp(2) + 71(2)“”[ 365 days ]

+ 15 (z)cos
} 20 |:182.5 days

where 71 and ¢, (respectively 72 and ¢,) arc the amplitude (K) and phase (days) of the annual (respectively
semiannual) cycle, and Tois the annual mean temperature (K) at altitude z. The amplitudes and phases of the annual

and semi-annual cycles arc plotted for al sitesin Figures 1a-b and 2a-b. The agreement between OHP, CEL, TMF
and CSU is remarkable for both the amplitude and phase of the annual and semiannual cycles. They confirm the
previous calculations performed by Hauchecorneet al. [1991] and also the 4 K smaler annua amplitude around 82-
86 km at CSU than at OHP and CEL reported by Sheer al. [1995]. The annual cycle at these sites exhibits severa

maxima, of 7 K, 20 K, and 13 K located respectively at 35, 80 and 105 km, and minima located at 62 km for TMF,
65 km for OHP, and CEL, and 99 km for CSU. The minima correspond, as shown in Figure Ib, to the phase
inversion between the stratosphere and the mesosphere (62-65 km), and to the atitude of the transition between the
dynamically and radiativcly-chemically driven mesosphere (95-100 km) also leading to a phase inversion at
thermospheric atitudes (> 100 km). The main difference between TMF and the mid-latitudes sites is found in the
amplitude between 50 and 60 km, where the TMF amplitude is smaller than for OHP and CEL. Another significant
difference is the altitude of the phase inversion, about 4 kilometers lower than OHP and ceL. This can be explained
using the results from Plates 4a-c. In these plates, the most significant fraction of the mid-latitude annual cycle
occurs during the first six months. During these first six months, the amplitude of the TMF warm cycle has its
minimum in early April at 61 km, while for OHP and CEL it has its minimum at 64-65 km. In term of phase,
between 55 and 70 km, the TMF warm cycle propagates downward onc month earlier than that at OHP and CEL,
which correspond to a 4 km difference shown in Figures 1la-b. The shift in phase observed at TMF is duc to the
influence of the early first cycle of the low-latitudes semi-annual oscillation observed at MLO in Plate 4c and
Figures 2a-b. For al mid-latitude sites, the semiannual component is weaker than the annual component, except at
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the altitudes of annual phase inversion, where it reaches a maximum of 5-7 K at 60-64 km for TMF, OHP, and CEL,
and more than 15 K at 105 km for CSU. The maximum at 60-64 km is due to the “warm spot” occurring in
November at amost the same atitude as that of the node in the annual amplitude (3 K) occurring in early April, This
is confirmed in Figure 2b, with good agreement between the early November phases at 60-64 km calculated for
OHP, CEL, and TMF. The maximum at 104+2 km points out the interplay between the dynamically and chemically
driven mesosphere. In June, the dynamically driven mesosphere has its minimum temperatures while the chemically
driven mesosphere has its maximum, leading to moderately cold temperatures. In winter, the dynamically driven
mesosphere seems to extend far higher, also leading to moderately cold temperatures. In spring and fall this
dynamical heating is not as efficient as in winter, leading to colder temperatures than in winter and June. The
resulting seasonal variation of the temperature at 10442 km is an apparent semiannual cycle, with maximain winter
and summer, and minimain spring and fall.

f. 2-to 30-day temperature variability

Having established the climatological average, it is now interesting to look a the temperature variability on shorter
time scales. Since most of the initial profiles were integrated over several hours or even over a night, a large part of
the variability due to gravity waves has aready been removed by this averaging. Thus, if the standard deviation of
each daily composite profile from a 33-day averaged profile is calculated, an indicator of the wave activity of all
atmospheric waves with periods between 2 and 33 days is obtained. These include most of incrtio-gravity waves and
planetary waves. In contrast to OHP, CEL and CSU, where most of the gravity waves with periods shorter than 24
hours arc removed, periods between 4 and 24 hours may sometimes be included for TMF and MLO. Of course, the
statistical error associated with the lidar measurements should be small enough compared to the variance associated
with the waves if we want to extract a significant geophysical signature. This is not the case in the upper part of the
profiles. For this reason a simple filter, a function of altitude and constant in time, was applied to the data. The
growth rate of the filter coefficients is related to the atmospheric scale height since the statistical error is a function
of the photon counts, i.e. the atmospheric density. The filter was computed with the assumption of a 10 K statistical
error at the altitude of 93 km and a 7 km mean atmospheric scale height. Though not optimized, this filter will
remove most of the variance due to instrumental noise in the upper part of the profiles without removing the
geophysical information, The filtered standard deviations from the 33-day average are plotied in Plates 5a to Se for
OHP+CEL, CSU, TMF, and MLO. For CSU, the data arc filtered with a 10 K statistical error assumption taken at
112 km instead of 93 km. By comparing all 3 plates, it is clear that the variability with periods between 2 and 33
days has its maximum at mid-latitudes and decreases significantly towards the tropical latitudes. Despite the
different methods of vertical filtering and the different integration periods of each instrument, the qualitative and
quantitative agreement and consistency are remarkable. As expected, and as previously shown by Hauchecorne et
al.[1991], the maximum wave activity at mid-latitudes appears in winter. In the stratosphere, a winter maximum of
10-12 K occurs between 35 and 45 km at OHP/CEL (Plate 5a), (50% smaller at TMF, Plate 5b). This maximum is
principally associated with stratospheric warmings, and certainly associated with al further incrtio-gravity and
planetary wave activity. After the observed maximum of 10 K around 40 km, and a minimum of 8 K at 55 km, a
second winter maximum of 12 K is observed in the mesosphere at OH P+CEL (50°A smaller at TMF) between 70 km
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and 95 km. Then a second minimum occurs around 100 km. The mesospheric maximum is associated with the
mesospheric temperature inversions whose amplitude can frequently reach 40 K, with a 1- to 5-day averaged
duration (scc for example [Leblanc and Hauchecorne, 1997a]). However, duc to the basic filter applied here to
remove the instrumental noise it is not clear where the mesospheric maximum actually occurs and what is its actual
magnitude. The most important result is that OHP and CSU arc in very good agreement again, even quantitatively
(Plate 5a), and that a maximum of 2- to 33-day variability is observed around 75 km, associated with the
mesospheric temperature inversions.

In summer, the standard deviation is very low, even at mid-latitudes, confirming the weak wave activity during this
season at these latitudes. Two secondary maxima are nevertheless observed in early May and early September
around 80 km at OHP, while late March and late September appear to be the quietest periods of the year. At MLO
(Plate 5¢), the extratropical planetary waves arc too far away to account for the temperature variability, except in the
upper stratosphere in December. Greater activity is also observed in the lower stratosphere, showing the high
variability of the tropical tropopause. In the mcsosphcre, two maxima are observed, following a remarkable
symmetrical pattern with six months interval. First reaching 8 K before the equinoxes, they reach 10 K in early May
and November at 83 km.

g. Seasond evolution of the temperature

In order to characterize the seasonal temperature variations the temporal evolution of the temperature, i.e. the time
derivative, was caculated:

oI T(+1,2)-7(-1,2)

D= =g aa+1 —du-1, 2)

where d(f) and d(#+ 1) arc two consecut ive days of measurement (not necessarily two consecutive dates). The results
are presented in Plates 6a to 6¢ for the lidar profiles at OHP+CEL, CSU, TMF, and MLO, and in Plates 6d to 6f for
the CIRA-86 equivalent. As for the previous plates, CSU and OHP+CEL arc plotted together, with the OHP+CEL
data below 85 km and the CSU data above. The tidar profiles arc plotted with a 10-day time resolution and are
smoothed over 3 points so that the information appears here as quasi-monthly mean values allowing a better
comparison with CIRA. Once again, the agrecment between OH P+CEL and CSU is remarkable.

At mesospheric and stratospheric mid- and subtropical latitudes (Plates 6aand 6b), the summertime temperature
variations are quite small below 75 km with a maximum cooling rate of 4 K/month below 75 km, while the
wintertime evolution is much more chaotic. Above 75 km the entire year looks chaotic with cooling rates greater
than +8 K/month. Non-negligible instrumental noise may contribute to the larger variability at these altitudes.
However, it is clear that the summer upper mesosphere cools down in two steps. The first step is in February around
85 km, with a maximum cooling rate of 12 K/month, and the second step in late April around 75 km and above. All
mid-latitudes instruments (i.e. OHP, CEL, CSU and TMF) agreein this part. Then, afirst strong heating period takes
place in late August (>14 K/month as shown in Plate 6a). This mesospheric warming propagates downward, with a
maximum of 10 K/month at 65 km in mid-October. Immediately after this warming period, a short quiet period
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follows, extending from September around 85 km to late October at 70 km. Then a second strong warming period
occurs, with a maximum of 10 K/month at 90 km in October propagating downward with a maximum of 6 K/month
in early November. Then, from late November to late December, the temperature behavior in the mesosphere is
driven by the occurrence of the mesospheric temperature inversions. A large cooling (up to -14 K/month) is
observed around 65 km and a moderate warming (+7 K/month) is observed at 75 km. Thisis in good agreement
with some modeling performed by [Leblanc and Hauchecorne, 1997 b]. In the stratosphere the winter cooling
occurs in a regular manner in October (-4 to -8 K/month) in the entire 30-55 km layer.

For MLO (Plate 6¢), the semiannual oscillation is characterized by weak warming rates (maximum 4 K/month at 38
and 45 km in January and August respectively) and cooling rates (around 2 K/month) in the entire middle
atmosphere except the upper mesosphere. Above 75 km, stronger values (up to 15 K/month) randomly distributed in
time are observed. Once again, a possible explanation is the effect of the mesospheric tides. At these altitudes, the
amplitude of the diurnal and semidiurnal tides can reach 5-10 K. However, the different times of measurements do
not vary critically (typically, all measurements arc obtained within the first 5 hours of the night). Some other effects
related to an insufficient statistics and/or residual noise have to be taken into account. A longer database may lead to
significant insights in the future.

For TMF (Plate 6b), an expected intermediary scheme between OHP+CEL and MLO is observed. The mid-latitude
annual cycle is dominant but with some modulation due to the influence of the lower latitudes. For example, the
early winter cooling of the stratosphere occurs at the same time as for OHP+CEL (late October), and the summer
cooling in the mesosphere behaves like at OHP+CEL. The first strong winter mesospheric warming observed on
Plate 6a is also observed for TMF but with weaker amplitude (+8 K/month at 67 km). Then the winter mesosphere
behaves quite differently. The strong cooling period between 55 and 65 km occurring from November to December
at OHP+CEL, now occurs in late December to early January nearer to 55 km altitude. in addition, the strong
warming period observed at OHP at 75 km is no longer observed in December but in February and at 70 km. The
lower latitudes seem to affect significantly the temperature behavior at TMF during this period. The 4 K/month
cooling rate in mid-October at 60 km observed at MLO is in opposite phase with the 10 K/month warming rate
observed at 65 km at OHP. The consequence is a moderate warming rate of 4 K/month at TMF. Also, a 6 K/month
warming rate observed at MLO at 65 km in early December is in opposite phase with the large 14 K/month cooling
rate observed at OHP, resulting in a moderate 6 K/month cooling rate at TMF.

5. Discussion and conclusion.

When studied all together, Plates 1, 2, 3, 4,5, and especialy plates 6, allow important ncw insights in the middle
atmospheric temperature climatology. Most of the differences with the Cl RA-86 climatology can be explained as
can most of the diffcrences observed between some instruments.

As has been observed in al previous middle atmospheric temperature climatologics [Garcia and Clancy, 1990,
Hauchecorne et al., 1991; Bills and Gardner, 1993; Clancy et al., 1994; Yu and She, 1995, Garcia et al., 1997], a
dominant annual cycle is observed at mid-latitudes and a semiannual cycle is dominant at lower latitudes. Below 60
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km the annual cycle isin phase with the solar flux leading to awarm summer and cold winter stratosphere and lower
mesosphere, as expected. Between 65 and 95 km, the annual cycleisin opposite phase to the solar flux, asa
consequence of a dynamically driven mesosphere, and is characterized by a warm winter and cold summer
mesosphere. Above 102 km, thermospheric processes |ead again to an annual cycle that is in phase with the solar
flux. The observed downward propagating temperature behavior in the mesosphere points out the dominant wave
driven pattern, in contrast with the vertically stationary behavior observed below 50-55 km. At MLO the dominant
semi-annual cycle is modulated by the northern mid-latitude annua cycle thus contributing, together with the well
known seasonally asymmetric equatoria SAO, to the first warm-cold cycle (winter and spring) being stronger than
the second (summer and fall).

The 2-33 day variability shown in this climatology is also in good agreement with that shown in a previous
climatology {Hauchecorne €t al., 1991]. A maximum in the planetary wave activity is observed in winter in the
stratosphere and the maximum variability is also observed in the winter mesosphere due to the occurrence of the
temperature inversions. An important latitudinal gradient is aso observed with decreasing variability from the mid-
to the lower-latitudes.

Systematic departures from the CIRA-86 model were observed which confirms the similar results of previous
comparisons [FHauchecorne et al., 1991; Clancy et al., 1994]. In particular, too cold temperatures in the CIRA-86
model lead to a large difference (> 15 K) around 90-95 km compared to lidar results, possibly due to an
overestimation of non-LTE effects in the computation of the CIRA-86 temperatures [Lawrence and Randel, 1996 .
On an annual basis, CIRA-86 seems to be too warm around 55-60 km, too cold between 60 and 75 km, too warm
between 75 and 85 km, and much too cold around 90-95 km. Above 100 km the high temperature variability caused
by thermospheric processes leads to a large negative departure of 16 K in summer. Consequently, between 95 and
105 km, the vertical gradient of the temperature difference CSU-CIRA is extremely stegp in summer, reaching —3.4
K/km (see top of Plate 3a), illustrating the poor accuracy of the CIRA-86 model in this region. Using too cold
CIRA-86 temperatures at 90-95 km for initialization can lead to some dramatic temperature errors at the very top of
the Raylcigh lidar profiles. For this reason, the CNRS/SA and JPL lidar groups are currently investigating the use of
adifferent a prior' temperature information to avoid such uncertainty.

When the seasonal variation of temperature at mid-latitudes is studied more in detail some ncw interesting results
arc obtained. Instead of a steadily cooling spring and a steadily warming fall in the mesosphcre (as predicted by the
vertically and temporally smoothed CIRA-86 model) some short periods of strong cooling and warming are
observed. It appears that the cooling of the summer mesosphere is characterized by two short periods of strong
cooling occurring in late January at 85 km and in April-May between 80 and 85 km. The warming of the winter
mesosphere occurs suddenly in late August at 85 km and then propagates slowly downward, reaching attitudes of
65-70 km in October. A second warming period occurs at 85 km in October. In the lower and middle mesosphere
(55-80 km) a dramatic event disturbs the well-defined mid-latitude winter mesosphere warming. In late November
and December a strong cooling period occurs around 60-65 km together with a weak warming period at 75 ktn,
more than two months after the initial winter warming at that height. This is the strong signature of the so-called
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mid-latitude mesospheric temperature inversions. The observed phenomenology of these inversions is in agreement
with some numerical modeling performed by Leblanc and Hauchecorne [1 997b] in which adiabatic cooling around
65 km together with adiabatic heating around 75 km were able to produce temperature inversions at mid-latitudes.
Above TMF the mesospheric temperature inversions appear to occur 1 to 2 months later than above OHP and CEL,
as a consequence of the latitudinal variability. These winter mid-latitude temperature inversions around 70 km
should not be confused with the equinoctial low-latitude inversions observed around 80 km by SME [Clancy et al.,
1994], 1ISAMS, and HALOE [Leblanc and Hauchecorne, 1997a], and by lidar at MLO, where the SAQO [Clancy et
al, 1994; Garcia and Clancy, 1990], the tides, and/or chemical heating [Meriwether and Miynczak, 1995] may play
a more important role.

The chaotic nature of the seasona variations of the middle atmospheric temperature allows most of the
discrepancies observed between the different measurement sites, or between the lidar and CIRA-86 climatologics, t0
be explained. Above TMF, the large positive departure from CIRA-86 in February is due to the second winter
warming where the occurrence of the mesospheric temperature inversions has its maximum. The positive departure
at 60 km in April and 60-70 km in late fall are related respectively to the late winter warming (February-March) and
to the first winter warming (October). The negative maximum at 75-80 km is related to the stationary period trapped
in October between the first and second winter warmings. Above MLO, it is not unlikely that most of the observed
departure in the middle and upper mesosphere is related to tidal effects and/or the mesopause thermal SAO. The
amplitudes of 1-5 K predicted by tidal models [Hagan, 1996] may be underestimated [Keckhut et al., 1996] and this
will be investigated in more detail during the next months.

The climatology presented in this paper was obtained using composite temperature profiles from severa years of
measurements. Of course, a non-negligible interannual variability may disturb the temperature field from year to
year. However, the trends already observed in previous climatologics [flauchecorne €t al.,1991]{Hood et al., 1993]

remain small compared to the seasonal variations. Also, the effect of volcanic eruptions, such Pinatubo in 1991
[Keckhut et al., 1995] and more recently Soufri¢re on Montserrat, may have non-negligible disturbing effects. All

trends, 11-year solar cycle, Quasi Bienniad Oscillation (QBO), and volcanic eruption effects arc currently being
investigated and an overall climatology of the middle atmospheric temperature may bc obtained within few months.
The usc of such a complete climatology is crucial for many purposes such as providing a reference atmosphere for
models and instruments, a background atmosphere for smaller scales studies, an overall comprehension of the
strongly coupled lower-middle-upper atmosphere, and more. To this date, only a few instruments can provide such
long-term data series. With the recent and future development of many ground based lidars within the NDSC at
many latit udes, @ more complete climatology of the middle atmospheric temperat ure should be avai lable within few
years.
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Data set OHP CEL Csu TMF MLo
Longitude 6.0°E 1.0° W 105.0° w 1177w 155.6° W
Latitude 44.0°N 44.0° N 40.6°N 34.4°N 195" N
Emitted/Recccived wavelength (rim) 532/532 532/532 589/589 353/353  353/353-385
Laser energy (mJ/pulse) 400 200 30 50 50
Laser frequency (pulse/s) 50 30 20 150 200
Telescope area (m*) 0.7810.03 1.44 0.1 0.64 0.78
Field of view (mrad) 0.2510.55 0.2 1.0 2.0 10
Vertica resolution used 1 km 1km 1km 1 km 1 km
Altitude Range used (km) 30-85 30-85 85-105 32-75 15-85
Estimated error at mid-range <1K <1K -05 K <]K <1K
Estimated statistical error at top -5K ~5K -3K ~5K ~5K
First year used 1984 1986 1992 1990 1993
Last year used 1995 1994 1996 1997 1997
Number of profiles: Totd 1244 670 249 686 411
January 153 60 16 50 39
February 109 62 26 39 31
March 129 78 23 50 44
April 79 50 17 70 48
May 65 45 1 58 38
June 81 46 16 83 40
July 108 56 28 63 17
August 99 41 24 46 39
Scptember 90 70 19 58 28
October 82 57 24 69 32
November 119 58 23 58 30
December 130 47 22 42 25

‘I"able 1: Instrumental and data set characteristics used in this climatology (individual profiles).
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Plates 1. Climatological temperatures obtained from lidar measurements at: (a) OHP (44°N, 6°E), (b) CEL (44°N,1°W), (C)
CSU 40.5°N, 105" W) and TMF (34.4°N, 117,7°W), and (d) MLO (19.5°N,155.6°W). The color scale extends from 180 K

(mauve) to 280 K (dark red), contour interval: 5 K,
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Plates 3. Monthly mean departure from the CIRA-86 Plates 2. Temperature differences (K) between (a) OHP
temperatures obtained for: (&) OHP+CEL and CSU, (b) and CEL, (b) OHP+CEL and CSU, and () OHP+CEL
TMF, and (c) MLO. Contour interval is 2 K. and TMF obtained from the climatological values given

in Plates 1, Contour interval is 2 K.
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Plates 4. Daily mean deviation from the annual mean

temperature (calculated from the climatological temperature
shown in Plates 1, (&) OHP+CEL and CSU, (b) TMF, (c) TMEF and (c) MLO. Contour intervals:1 K.

MLO. Contour intervals: 2 K.

Plates 5. Daily mean standard deviation from 33-days
mean temperature (K) at (8) OHP+CEL. and CSU, (b)



g
3
=
Jan Mar May Jual Sep Noo \]an Mar May Jul Sep lNlou
C. T T T T TTr 11
K f
S0 H [~ .
= 60 - -
:!i / \/j\—/o |
3 Cheto ]
Z 40 > 4 ol 0 <> o ]
Q
- \ |- -
%}@ad -
Q & | ]
Q 0 ( 1
20 ~ a0l -
DO | 7 g-
Ol WPV PRI BPUPEN BN PP DPETE EPEP PR PR EPUP P NI SFOVES EPEE EPEPE PP B BV BT PR B SR
[

Tan Marc May Jul Sep Noo Tan Marc May Tul Sep Noo

Plates 6. Time evolution of temperature (K/month) calculated from the climatological temperatures given in Plates 1 (left

pancls), and calculated from the CIRA-86 monthly mean tempcratures (right pancls). For the left panels, time resolution is
10 days, and data arc smoothed over 3 points, (a) OHP+CEL and CSU, (b) TMF, and (c) MLO. Contour intervals: 2

K/month.



