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CLIMATOLOGY OF THE MIDDLE
ATMOSPHERIC TEMPERATURE OBTAINED

FROM LIDAR MEASUREMENTS Al MID- ANI)
LOW-LATITTUDES.

1. Climatological average and two-day to two-ymr
variability.

Ab~trdct
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1. Introduction

Ile middle atmospheric tCITIf)et7dhIrC stnrcturc  has been studied for several decades now. h started
with mcketsorrdes  rrreasurements, providing temperature profiles up to 60 km but with relatively poor
accuracy [SchmidlL\  1981], and Falling spheres allowing reaching 90 km of altitude, Elhxman [1951] had
the idea to rricastire density using I@leigh  backscattering  by the atmospheric rrurhxrdes,  then came the

first tcmpmturc  measurcmems  derived flom lidar me-asnrements  of the middle  atmospheric relative
densily  ~mrchecornc and Chanin, 1980], providing trettcr vrxt.icat  resolution and accuracy. lJnfo~hrnately,
for all ground-based rnethork cited above the measur.meuts were locded above lands in the rrorlhem  mid-
lrrtitudcs. The crucial need for a better horizontal coverage, especially for low-latitudes, ocean areas, and
SOUthern  hcrnisphere, led to the development of satellite nwasumments.  The Pressure Modulated
Radiomclcr  (lWR) (Curtis et al,, 1974] in the seventies, th Limb Infrared Mcsospheric Sounder (LIMS)
[Gillc et al., 1984],  the Stratospheric Aud Nfcsosphcric Sounder (SAMS) Rodgels  ct al., 1984J, the
Stratospheric Sounding l-huts (SW) l&fNter et al,, 1980], and the Solar Mesosphcxc Eqdorcr  lClanq  and
Rusch, 1989] in tic eighties obt.aincd  successively a global covcmge of the middle atmospheric lemperatttre
prcrfilcs.  However, the vertical resolution remains pea comprwl 10 most of the ground-based instruments.
More wccntly, Ihe Upper Atmosphere Research Srrtelli[e  (LIARS), launeheri in September 1991 and
especially dedicated to the sturly of the middle atmosphere allowed measuring the stratospheric ad lower
mesosphctic  tenl~rature  w+ing 4 instrumcrrts:  the Mierowavc Limb Sounder (MLS) [~ishbein et al,, 1996],
the Cryogenic  Limb Army Etalon Spcctromter (CIARS)  l@le, 19961, tie ~~tw~n occ~tation
Experiment (lL4LOE)  ~ussell  et ti., 1996], ml the Improved Stratospheric And Mesosphcric Sounder
(RWVIS)  [Taylor CL al,, 1996]. Some of these instruments are still rrperating  at this date, giving onc of the
most .%xtensivc satellite data set ever obtained, though with still a poor vertical rcsolutign  associated with
the remote passive sensing methods used.

IIi cmtras$ tic lirtm rneasuremc.rtts remain of best vertical resolution and accuracy. Therefole,
they make it vety snitable  for studying variations of the middle atmospheric temprxalum  at various time
scdcs. Thi$ paper will describe the middle atmospheric tetuperaturc  clhnatolo~  from lidw measurements
obtained at scvrmi mid- and low-latitudes locations. Two Rayleigtr  Mars of the Service d‘ A&onomie  do
ChXLS,  France (44”N), the two Rayleigh Iidars of the NASA-Jet ~opulsion Laboratory, US (34.&N mld
19.5°N),  ,and the Na Lidar or Colormtrr  State Urdversil}  srt Fort Coltins, US (40.5”N)  were used to pcrfoml
this ctimalology, After a short technicat dcscrip[iun  of the instruments and description ot” the dma sets, the
datn processing and associaltd  results are prmmkd  These include clinmlological  tempcratrue average
through the year. annual at~d semi-,mmual componcrrts, 2- to 33-  clays  variability, departure from the
clim~tological  model CRA-86, comparison between instruments and iderttiication of the Quasi-Biunuial
K%cillation. The rrvcrall data set cxlends from 1978 to 1997, with difkrent period of me+rsummenu
depending on the instrument. Thc lung-term  trcnrl, the planetary wave actitily, the effects of volcanic
cmpt.ion$ (Pinaluboj 1991) and 1 l-years solar cycle, and the mesospheric  temperature irrwxsions  are not
described here, They are studiud separately in ditTerent papeis, using the same lidar databwc.

**** ~Kfercllce ~cckhut  trends 1998 ****
**** R~{creficc She Pirtatubr_r 1998 ****
*** * Rcfcrencc  HWCiICCOInC I’lanctat-v waves 1998 ****.
*** A Refe~cnce Lcb!anc Inversions  199X  ● ***

2 Lidar description

Rayleigh scattering:
Laser radiation emitted horn the grciund  at wavelength ?. and transmitted into the aunosphcre is

backscattcred by molecules in the. atmosphere and coliected on the ground by a telescope When the Mie
scattering due to the aerosols pwticles is negligible compared to the molecular scattering (i c. above 30 km)
the mrmber of pholons  received from a scattering layer &, at a mean altitnde 7. k proportioti to the
nurnbcr  of photons emitted in the laser’  pulse ar[rl to the number or air molecule.s (or air dertsiry). If the
baclxcattering  process is Raykigh scattering dte~l the transmitted and received wwclengths are the s.am



[18/27/97 09:(J2 F.~X 1 61fI 249 5392 JPI, TiIF +++ SECTION 322

am-l, assurrtig  that the only non-negligible absorption in the atmosphere is due to 071Mw, the atmosph~tic
density cart be derivcct from the RaylcigLt  lickrr eqtiation and writlerr

,(.).N(Z)K+ e.xp(2q#,Z)+2@,z))-  ‘(z)
7

(1)

w’hereN(z) isticnmber ofphotom  rewived, ~rlaser ptil=, fioit~dtitie zby'a telescope at altitude%.
~,Jz) and Toj(z) are thc optic~l Uickness  integrals for the Ray]eigh extinctiorr and the ozone absaptioll
between the ahitu(lcs  z, and z. K is an undctcmtirred  proportionality constant dependent on instrumental
pammetcrs  n(z), is the mmber of photons coming from the nahual sky background light added to the
pho]rmic and eleckonic  noise coming from the counting system The receiv~ backxxmered  mdiation can
be detected and mm.sured using a photon counting systcm comprising a photomuhiplicr, pulse height
discriminator and a multi-chrmn~l-scaler  (MCS),  At high count mtes thc response of the counting system
becomes non-lkarj  due to pulse pile-up duration effects, and a correction has to be applied in o~dcr to
obtain the true number of photons received from the observed number of photons counted In additiom  to
reduce the sky background noise to its mirrimurtl  the lidar rncasurerncuts are usually performed at night- In
some exceptions and with high perfomwce  optical components, daytime nmmwxnents  are possible, but
since the best rrccurmy is required for tltk study, they are nol used here.

After ext.meting the noise, the Icmperahwe  is dcdticecl from the relrrtivc density using the ckkwical
hydrostrrtic balance and pcr[ect gas law assumptions lHauchecornc  and Chmin,  1980]:

M is the air molecular mms, k the Bolwmann constant and g(z) the gravity. ~pP and l“tiP are “a priori’
valuw.  of density and temperahrrc  at the lop of the profile. Such a priori ~ortnation  is lypically  taken from
c]imatologicat  models like CIILA-86.  The told error on temperature at the top cam be larger than 20 K but it
mpidly decreases as the temperature protlle is integmted downward  (divided by 3 10 km below the top),
Following eqwions  (1) and (2), the unknown constant K is suppressed since the temperature derivation
depends only on the relative density, i,c. the ratio of the absolute densily at two successive. altitudw.

Raroti~-vibmtion  scattetirrg
In contrast with the Rayleigh scattering, the I@narI  scattering is inelastic and corresponds to a

change in the vibrational sta(c of the Nitrogen molecule. The backscattcrcd  wavelength is shifted from the
emitted wavelength with a diHercnce corresponding to the energetic loss associated with the change Of
level of vibration. The lidar anatysis of a Ranrao-vibmtion  scattered signal is similar to that of the IU@eigh
signat cxccpt that the backsc~ttcred  arrd emitted wavuleugths are different. The Rarnan-vibmtirm  scattcriog
is roughly 1000 times weaker than Ihe Raylcigh svatterirrg but is we,akly sensitive to the aerosols, making
its usc possible at lower altitudes (typically between 15 and 35 km).

Sodium Iaycr scatlcring:
**** ~a Lidar  description ****

The instruments:
Measnremcnts  from three R@cigh  lidars  and one Na lidiir were used to pelfonn this climrrtology

at mid-latitudes and frolo one Raylcigh  Mar at Iow-latitudes
At mid-latitudes, the CNW-Service  d’A&onontie  Rayleigh lidars of Obscrvatoire-de-Haute-

Provcnce,  France (44°N,  6%, hereafter OItP)  and Ce.ntre d’Essais  des Ltiirles, Fratm (44”N, l“W, herea.fkr
CEL,)  have obtiiir~ed  measurements between 30 and 90 km ftorn 1978 to now and from 1986 to 1994
respectively. The NASA-Jet propulsion Laboratory Ozone Mar @@yleigh) located at Table Mountain
Facility, California (34.4°N,  117,7”W, hereafter T?@) has obtained temperature measurements between 30
mld 80 km since 19s8. The Na Mar of the State University of C.olomdo at Fort-CollinS  (hereafter CSU)
obtained mcsos-phenc  tetnperiilure measurements or the Na layer between 80 and 105 km since 1993.

At lo$ver  Iatitudcs: the NASA-.Tet  Propulsion Laboratory Ozone lidar (Rayleigh and Rarnan-
vibration) located at Marina Loa Observatory, Hawaii (19.5°N, 155.6° W, hereafter MLO) htis obtairreri
tetnpcrahrfc memurerncots belween  15 and 90 km since 1993. Table 1 shows the ditTercnt characteristics
of each instrurnrmt,

ktloo. t
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Instrunmnl  OHP cm— . TMF Csu MLo

Longitude
Latitude
AMudc(m)

Tn*UmWal  wwticat  resolution

AItihlde  mnge, Raylcigh  channel

Altitude Range, Rarnan chwrnel

Estima(cd  crmr at bottom
Estimated error at rnid-rmgc
~~tirnatcd total crrrrr at top

First year of operatiort
First year usccl
Last year used

Ernit{ed wdvekngth  (irm)
Rcctivtd  wavelength (run)

Laser energy (mJ/pulse)
I.ascr frcqucmy  @dse/s)

Telescope area (m2)
Field of view (mad)

6,0° E 1.0” w
44.0C N 444(P  N

685 . . .999

117.7° w
34.4° N

2300

105.0” w
40.6° N

???

155,6° W
19.S” N

3400

75 m 300 m 300 m ??? 300 m

25-95km  25–9Skm
.

75 – 110 km
.

30- 9[J km
15–35knl

<]K <lK
<lK <lK

- 2 0 K --2,0K

-15K
< (),5 ~
..15K

<lK
<lK
- 2 0 K

CO.5K
<lK
-20 K

197s 19S6
1984 1986
1995 1994

198s
1990
1997

1992
1992
1996

1993
1993
1997

532 532
532 532

353
353

?;??
999. . .

353
353/385

400 200
5(3 30

500
150

???
???

500
2.00

‘ 0.78/ 0.03 1.44
0.25/0,55 0.2

0.64
2.0

0.78
1.0

Tahlc 1: Characteristic Q1 the lidar instruments used for this study.

3. Database and data procc.ssing

As nolcd in ‘l’able ], frw some instruments with a stilciently  long period of nu=wirements,  the
oldest years were not used for this study. This applies to OHP (starting mcasrrnwxmts  in 1978 but using
1984 as the first year) smd TMF (starting in 1988 but using 1990 as the first year). There are two main
reasons for rrot using Ihc entire database, 1) For  @3P, thete were only a timited number of measurements
during the years 1978-1983, so tliat omitting these years does not lce.e much informirtiorL Also, it is
interesting to compare the current climatology (19S4 - 1995) with the previous performed by ~aucheccrme
et at., 1991] over 1978-1989. 2) For both OHP  and TMF, the results obtained during the fir$l montl~$  or
Y~~S of mms~lremm@ aIId mr~dy before pro=sing to an “owratio~l  routine mode” may have been
affected by some inskrunental  ploblems This is not the case for MLO since the lidar group in charge with
this instnrmenl is the same as for the TMF instrument (NASA-JPL).  **** what about CSU **‘’.

For OHP  and CEL profiles are obtained during the entire night if the weather conditions are good
(no cloud, and weak wind), This gives an average of $6  hours integration of nighttirnc.  measurements,
about 4-5 days a week (150-200 profiles pcr year). For TMF, and MLO, most of tk. “Im ItirK
measurement s“ consist in 8 2-hours or more integratimt cxperirnent,  usually at the beginning of the night
4-S nights a week, insuring a good survey of stratospheric ozone and temperature, as required by the FJIXSC
program. **** what about CSU **•*. ~ch irrdividml  temperature profile is thCn itl[erpOhlted  eVeIy ~ue
kilometer, making the data ,anatysis  and the conprisons  between instrunicnts  easier. ‘1’wl.rlc  2 illustrates for
each instrument the different characteristics of tire data sets used for this s[udy (individual profiles).

qll
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Da(a s e t  CM@ CEL TMF ~Su MO RUN

VcrLieal  rcsohrtion

Altitude I@rg,e  (km)

Estimated error at bottom
Estimated error at mid-range
Estirmakd s.tali$tic&  error W lop

Fmt year used
LM1 year used

Nurrtbcr of profiles: Total

January
Frhruary
March
April
May
June
July
August
September
October
November
December

1 km

30-85

<0.5K
-=1 K

- I O K

I 984
1995

1244

153
109
129
79
65
81
10s
99
90
82
119
130

lkm

30-85

<0.5K
<lK

--lCIK

I 986
1994

670

60
62
78
50
45
46
56
41
70
57
58
47

lkm

32-75

<0.5 K
<lK
- l[)K

1990
1997

686

so
39
50
70
58
83
63
46
58
69
58
42

lkrn

80-108

<4K
<o,~~
<4K

1992
1996

249

16
26
23
17
11
16
28
24
19
24
23
22

llatl

ls-th

< r3,5 ~
<1~
-10 K

1993
1997

411

39
31
44
4$
3$
40
17
39
28
32
30
25

——

lkm

30-75

<lK
<2K

- 1 O K

1994
1995

149

0
0
0

;8
27
11
8
14
30
31
1

@j[lllrj

Table 2: Data set used in this clh~dk)lo~y. (individual profiles).

It can be nbtcd lhat the top of the profiles was tmncatccr fibout 5-10 km lower than the initial cut-off attitude
induxt?d Lrr “J’rrtdc 1. This ~vdy, Ihc rmdts containing a non negligible part of ‘(a priori” information audloI
Dojse will not hc shown. Also, the bottom of the TMF profiles was truncated at 32 km irrslead or 30 M
avoid any volc:!nic  aerosols effect, especially after the cmption  of Pinatubo (eruption in Jurw 1991, major
cfrcxl in spring-summer 1992 j. Thc total nt.tmbcr  of profiles obtiinctl pcr mouth is highly variable,
depending on the instrument. Thc most complete database was oblaimsd at OHP, theu T’MF aud CELj then
h4L0 and tXJ, ‘*’* What about CSU **** . At @lP, C13L,  TMF and MLC) sites, the effect of the
Pinatubo cmption  (June 1991) wrs obscrwxl  below 30 km However, above 32 km this effect is quasi-
ncgligible  compared to the rnagnihrcIG  of the atmospheric features studied here, ● ● * ● Reference Joc Shc
PinMrbo  “*”.

For atl instruments except  CSU the estirmstcd statistical error (i.e. irr absence of “a priori”
infomatiorr)  at the tap of the individual tempcratwc profiles is still high (-- 5-10 K). But tbe long period
and/oI the large ntmhcr of measurements for most of the instruments will reduce this error to fe~v ke{vitts
for the composite daily and monthly mean profiles. High cofidence  levels are ex--ected  Up to 75 km of
altitude. ● “* Whist about CSU ‘***

RUG 27 ‘  q’ 09: @5
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4. Llata rUMlySiS  and TC$UIIA

a. Clitnatologicat  temperahrrcs

For each instrutnen~ d individual profiles (from 249 to 1244 t)rofites deDendirtP on the.— .-e---- -

instrurncnt,  see Trd.de 2) Yvctc  cmnpuktcl h a w-ique composite year of data A weighted mrmitrg average
with a 33-days widlh  triangular llte~hlg  scheme was applied to each day of the compogite year where at
least one profik  was avaitWJIe. The remaining days with no profile arc filled with an interpolated profile
u$iug a Iwodimensiod minimum curvature sp!.inc  wfacc  method, and plotted together with the real data
Though plotted, these interpolated profiles arc not retained in the database, thus avoiding any inaccuracies
irr the different steps of analysi$ dcscribed below. No tidtt removal was pet-formed, In effect, the nature  of
the data sets atlows not taking into accolmt sllch effect. At mid-~timdcs,  the sernidiurnal  componcat is
exTccted to bc dominan t ,  w i th  a few kelvins  anlp~ihJde  at 80 km, For O,HI’, CEl,, and CSIJ the
measurements were taken o~’er  the entire tight, minimizing the effccl of the 12-hours oscillation At TMF,
trhere  mewxrmments are performed during 2 hours in routim mock,  the top the profiles k 7S kn~ whe~~ thc
smnidiurnal  amplitude has decreased signiticmtly. At MLC), the role of the diurnat tide may not be
negligible at 85 km, and the effect cd’ tides witt be discussed each time one considers it necesswy,\

The eonqmsite  years otrtained  for 13RP,  CF,L, TMF, CSU, and MLO are prrxmed  h Plates  1a to
It. The color scale and the altitude range (%-zwJ are identical for “M instruments for convenience. A
typical tempcr~lure  pattern is obsemed at all sites, Plate Ie (MLO) clearly exhibits a serni,arurual cycle at
the smatopause (ruatirnwrn of 266 K at 47 km) id an annual cyck? in the lower stratosphere with rJ very
cold ntinimum of 190 K at 17 @ identiled  as the tMIp;c~ tropopause, As cx~tcd, the amplihlde of the
seasonal varkitions  remains we&, At the top (80-S5 km), where the effect of the mesospheric  diurnal tides
is the largest, the plotted cold Kxnpemtures  are clo$er to early night temperatures than to nightly (or even a
24-hours) mean tempcrahrrcs. This will affect some of the rcsdts described below, and discussed when
neces.swy,

~(JI-  OHP, CEL and ‘IT@ (J?latc$ la to lc), a cla$$ic  nl@hihJdes  warm summer and COO1 wiuter
stratosphere is obsemed with a masimurn  of 272 K in May-lufie  and a minimum 01255 K in early
h’ovcmber at the stmtopaust altitude of 47 krn A classic warm winter and cdd  summer Illesosphtrc is also
observed with a mnximum  of 220 K io December and January, and a minimum of 195-200 K in May-June
dt 75 km l?or OHI?, Mnpcrature as low as 175 K me obsmved at M km in June-July, in good agreement
with previous climatologies  and with the measured 175 K by the Na Mar  at Fort Coltin.s (Mate lit). The
weak negative vertical temperature gmdicnt observed in winier at OHF,  (XL and TMF is the cnnsequenm
of the seasonal average of the so-crtLted rnesosphcric kmperaturc  inversions occurring during  the entire
winter at OHP md CEL, and more specifically in February at TNfJ?.  A more detiiilcd description of this
feature is presented in a companion paper [this imuc ?], The temperature patkrn  above CSU is not very
different from that described by Yu and She [1995] in their first clilna[crlogy. The rnitin ditTerencc is in
spring  and fal~, whtre the so-called “double temperature minimum“ is no longer a significant part of the
climatology, Instead, a cmri inucmsly  cooling layer in spring and warming layer in fall can bc observed
betiveen 85 and 95 km, The double ndrrimr.m is now obscrvabk ill early April only. As for the temperature
inversions, this is the result of the seasorml aver~gc. The most significant feature observed in Plate  Id is
the evidence of a 2-states Tnesopausc, as atready reported by Yu and She. The “winter s[atc” is
characterixd  by a minimum of temperature Ioeated about 103 km, with 2 absolute minima (185-190 K) in
spling and fall. The “summer  state“ is characterized by a minimum of temperature al 85 km, with an
em.xnely cold summer mesopause (< 180 K). The transition between the summer and winter rnesopause is
short and takes Its than two months (April-May and Au@.s-Septemlxr) The layer 90- 10L) km separating
both SMIM acts here like an upper boundary to the dynaruic.atly driven rnesosphcre. ‘**” What  atrout The
effect of tides ****.

Since the results obtained am almost identiml da~a from  OHP  and IXI,  will be computed and
plotted  together, as n single mitt-latihldes sile (44°N) called hereafter C)HPKEL. Rcsults  fiorn OHP arid
CEL will be shown  separately only if a significant departure was observed, or if the[e is ii need for ,an inter-
compmi son.
b, Ternperarure  deviation from annuat mean

In order to identify more clearly the seasonal variatioti of the ternpemture,  the anmd mow
temperature pIofilc  is subtracted 10 each available daity composite p~ofile. One thus obtaim the composite

? / n

fLIG 27 ’ 9 7  @19:~6 1  619 249 5392



08/27/97 09:05 F.4X 1 61fJ 249 5392 +++ SE~TIIIN 3 2 2

daily dcl-iation  from the annual me,am  I%ks 2a to 2C represent this dcvirrtion for OHP/CEL, CSU, TMF,
and MLU. For convcnicnce, OHP/CEI.  and CSU are. presented on the sarnc plot (Mute 2a) since they have
quasi-sep,armd  altitude mngcs. The dihde separating the plotted data from both instruments is 85 km  AS
ex~cctcd for OHP/C.EL, CSU, and TMF (Plates 2a anrt 2b), m annual cycle is clearly dominant in both
stratosphere and mesosphere. At 67-70 kq its ptmc with the solar flux gets inverted, leading to the classic
warnl summer stratosphere and cold summer mesosphere  and vke=versa  irr winter A second phase
invels.ion is clearly ob.scrwd  at CSU (top of Plate 2~) around 95-100  km., marking the h-ansition between
the dynasrdcatly and chemically driven  mesosphere,  These plates, itt particular Plate 2a alSO ctibits a
warm late Winlcr centered at 3S-40 km TIM iS the signature of the stratospheric wartnings  occurring fToI[l
Jn(J~ 10 March at mid- and high-latitudes. This signature is still observable in Plate  2b, brrl with a
weaker tnrrgnihlde, l,ater in the discrrssiots,  the effect of the stratrrspherit  wartdngs  will lx idcutified
again. Another “warm spot” is observed at 65-67 hml in November, reaching 11 K for OHP/CEL,  and 8 K
for TMF, This femure could already be observed in Phrtfs la to c as a “b~p” of warm temperahuw in
November between 60 and 70 km, This feature will also bc discussed later.

ht contrast with the mid-latitudes sites, MLO (1’Iatc  2c) primarily exhibik a semi-anrud  cycle
between 25 and 80 km of aItitude. This is not surpristig  SinCC MLCI is located at 141.5”N  and influenced by
the equaloriat  dynamical pattern. ?Tfiwt}’er,  and bccattse IvfLO is not so far away from the mid-latitudes, the
senti-arumal  cycle is strongly modulated by the annti c@. The late witrtcr maxima and early summer
minima of the annual and sefi-atral CyCICS me in phase, making the first oscillation of the semi-annual
cycle or larger magnitude than the weond. In contrast with the mid-latitude annuat behavior, the semi -
anuuat Cycle is almost a COIlkkIOUSly downward propagating oscillation at an approximate vctticat speed of
12 Icrn/month, WI can be identified as the thcrrnal semi-annual oscillation (SAO).  TM so-cd led mesopaw
and stratopaw  SAOS appear here as a uniqtic SAO propagating downward from the. mesopallse to 30 km,
with a morlulaled amplitude pointing out a minimum nt 45 krrL Surprisingly, 3 “cold S@’>  can W noted in
Novcmb&l  at 64 ~ almost the same altitude as the previously observed “warm spot” at OFIP/CEL and
TM?.

c, Armuat and semiannual cycles

One cao sepamte now each conlponeut by iipplying a muhi.pamrnelw  sinusoidal fit of the form”

where 1 i and p, (respectively 12 and @ arc the amplitude (K) and phase (days) of the annual (respcctivel y
semiannual) cycle, and Tc the annual mean temperature (K) at the altihrde z. The amplitudes and phases of
lhc annwd and send-annual cycles urc plotted for all sites in Figures 1a-b and 2A.
The agreemrmt between OHP, CEL, TMF ,and CSU is remarkable for both the amplitude and phase of the
annua I wrCI se ntiannual cycles, The amp] iturle  of the armuat  cycle. for these siks  exhibit $ several maxima of
7 K, 20 K, md 13 K loc~lctl respectively at 35, 80 and 105 kul and minima ]@ated at 6?. km for n@, 65
km for C)HP, and CEL, and 99 km for CSU. The minima correspond, m shown in Figu w lbj to the  phme
inversion between skatosphere and mesosphcre  (62-65 km), and to the attitude of 1 rzrnsition bcxwe.%n tic
dynamically and chemically driven rncsosphere (Y5-J  O(J km) also leading to a phase inversion M
thermosphuriti  altihldcs (> 100 km). The main difference between TMF and the other mid-tatitwh% sites is
found in lhe amplitude bewccn 50 and 60 km, where the TMF atnphtudc k smaller than for OMP and C!EL.
This cau be easily explained since TMF is located at 34.4*N  instwd of 44”N and the atmosphere does not
Mhave like at typicat mid-lotitudes.  This wiU be corttimled  later in the discusxiol~. Another significant
difference is the altitude of the phase inversiow about 4 kilometers lower than OHP  and Cl%. This can be
explained using the results from Plates 2a-c, in thcsr? plates, the most ~ignificant fmction of the rnid-
lmitudcs  rrnnual cycle is L-en dtig the first six months. During  these first six months, the amplitude of
the TMF warm cycle h~s it$ mirimurn in early April at 61 kr[~  while for OID’  and CEL it has its minimum
at 64-65 km. In tcrtn of phase, berwecn 55 and 70 km, the TMF warm cycle propagates downward one
month  earlier than thtit of C)HP  and CEL, which correspond to a 4 km difference shown in Figures la-b.
The shift in phase observed at lTvlF is due to the irdlucncc  of the early first cycle of the low-latitudes seroi-
armwd oscillation observed al MLO in Plate 2C and F@res 2a-b. For all ntid-lati~udes sites, the
scmim.nml component is wc-ahi  thwr  the annual componrm~  except at tic altitudes of amtuat phase
inversion, w’here  it reaches ii maxitrturn of 5-7 K at 60-64 w for TIvfF,  OHP, and CEI,, and more than 15 K
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at 10S km for CSU, The maximum al 60-64 km is clue 10 the “warm spot” ocamirrg  in November at almost
thc same altitude as that of the node in the annual amplihrrk  (3 K) occurring in ewly April  ~s is
confwrrred  in Figure 211, with lhe good agreement bchveen the early November phases at 60-64 km
cdculakxi foI OHP, CEL, and TMF. The maximum at 104+ /-2 km points out the interplay bctwccn  the
dynamically and chemically driven mcsosphcrc.  Tn Jtrnc,  the dynamically driven mesosphere has its
m“~irnurn of tcmpcraturc  while the chemically driven mesosphere  has its maximum, leading to rnodcratcly
cold temperatures. III winter, the dyrritmicatty  driven mesosphere  tieems to ~xtexirl far high, also
leading to tnodcsmtcly  cold tempemtures. in spriug and fall this dynamical heating is uot its efficient
ns in winter, Ieadirrg  to colder temperatures thmr irr winter and June. The resulting seasonal variation
of the temperature at 104+/-2 km is a tiemiarmuaI  cycle, with maxima in Tvinter and summer, and
rninirmr  in sprinp  artd fatl,

d. 2-to 30days temperature variability

Once  one Imrkcd al the climatolagicat  avemge,  it e.an be interesting to look at tic varihilily at
shwtcr ]irrm-  states Since most of the initial profiles are integrated ovel scvcml  hours  or even OVM a nigh;
most of the variabithy owed to gravity wave has been removed, But if one calculates for each daily
composite profile the stand~d dcviatiort from a 33-days averaged profile, one obtains an indiblor  of the
wrve activity  uf M atmospheric wrrves with periods between 2 and 33 days, These include mogt of inertio-
gmvily  waves and planetmy waves, Of cowrse, the statistical error associa~cd  with the lidar measurements
should  be small enough compared to the variance associated with the waves if we want to extract a
significant physical signature. This is not the case in the upper pnrt of the profiles. For this reaso~ a simple
filter, function Of altim~c and constant in time, was irpplied 10 the data, The growth KM of the filter
coeftlcients  is related 10 the atmospheric sc,ale heighg  since the statistical error is a ftmction of the photon
COME,  i C, tic atmospheric density, The fiiter  was computed with the assumption of a 10 K stati.sli~  error
at 93 km of ,alti@de Md a 7 km rmuospheric  scale height. Though not optimizti, the filter will remove mosl
of the variance due to instnrmentat  noise in the upper part of the profiles. “l’he filtered st~nck]rd  deviations
from the 33 days average are plotied  in l’late$  3a to 3C for OFIP/CEL,  CSU, TMF, and MLO. For CSU, the
data are not filtered at thc bottom (at 3S km, the in+trurnentat error is small enough), and the 10 K
assumption is taken at 112 km instead of 93 km By coru$nring  all 3 plates, it is clew that the variability at
2- to 3 Whys  hiis its maximum at nticl-latitwjes, and decreases  sign@arIUy  as we move towards the
tl opical 1A ilurles As eq)ected,  and previously shown by Hduuhcwxoe  el rd. [199 l.], the masirnum  of wave
Wivily at mid-latitudes appears in winter. In the skdrxphtre,  a winter maximum of 10-12 K occurs
bclwccn 35 and 45 km at OHP/CEL  (Nate 34), twice wnaller srt TMF (_Plate 3b). This maximum is
principally associated with the shatospheriu  warrnings,  and certainly associated with all other incrtio-
gravity and phtnctary  wave activity. D&ing a skaLospheric  warming, the winter polar vortex (z.onstl  wave
number 1) is broke~ leading to wutiker westerly winds or even an irrvcrsion  of the zonal mean zcmal winds
from westerlies 10 easterlies. an a.WO~ialHl enbncernertt of the stratospheric lcmpcratures,  together with the
enhancement of the zomd wave  number 2 compcmcnt When the warming is “rnnjor”,  the mean zonal ruean
wind switclws  10 easterlies and the temperature is up 10 20 K warmer in few days. After the obseswed
maximum of 10 K aro~d 40 kt~ and a minimum of 8 K t-d 55 @ a second winter rwNimtun of 12 K is
observed in the mesosphere  at OHP/CEL (twice smtlter at TMF) between 70 km and 95 km. Then a swonct
minimum occurs around 100 km, The mesosphenc nwtinrm is associated with the m~osphenc
ternpcmture inversions, whose nmphhlde  can frequently reach 40 K [see companion paper], Thc
mesosphenc  temperature iuvcrsions  OCClrriug between 65 and 7S km are supposed to be a consequence of
the gravity wave breaking [refj.  But due to the basic filter applied here to remove  the instrumental
variability it is. not clear where the mcsospheric maximum actually occurs, and what is its actuat  magnitude.
The most important rcsuil is that (NIP and CSU are in very gaod  agreement again (Plate 3a), and Lhal a
nwtimum of 2- to 33-days variahi Iity is rhscrved around 75 km, associated with the mesosphcric
temperature inversions. LU summer, Ihc standard deviation is very low even al rnid-latihldes,  confiig the
weak wave act ivily during this season at these latitudes. Two secondary maxima are nevertheless observed
in early h’kd~ and early September around 80 Iun M OHP,  while late March and Mc September appear to be
{he q~etest  periods of the year, At MLO (Plnte  3c), the extratropiml  planetary waves ,are two far away for
accounting for the temper~@ru  variability, except in the upper stratosphere in December. Larger actik-ity  is
also observed in the lower stratosphere,  showing the high variability of the Lropical  uopopausc. In the
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mesospherc,  two maxima arc observed, following a remarkable symmctical  pattern with six months
intewal.

First reacltig SK  bforethc qltinoxes, d~eytien r~chlOK tiemly Mymd Noven~berat83ti  Since
tidal amplitudes are not rwgligible at that height, and since this lidar located at MLO takes routine
rrwsurements with a 2-hours jrttcgration time, the maximum of vanabiti~ observed at these altitudes may
trc related to the Iidcs, More details will UC give.o later. No further explanation can prmently be give.u
crmccrning these maxima

e. b%WMId  CWOhItiOn  Or UK hXlpe[ahI[e

In order 10 identify clearly tlm seasonal variation of tcruperrsture,  ont? then calculated lhc time evolution
of the kxnpemture, i.e. the time derivative:

TJ(r, z)-@ _~(f+’Lz)-T(f-lz)
& d(t+lz)-d(t-~)

where d(r) and Li(f+ 1) are two consecutive days of measurement (not rtcccwrrily two con.wutive days).
The results arc presented in Plates 4a to 4C with a 10-days time resolution. As for the pretious  plates, CSU
and OHP/CEL  am plotted to.getier,  with the OHP/CEL data below 85 km and the CSIJ data above. Oitcc
again, the agmcmcut behveen CIHP/C13L  and CSU is remarkable. in the nmsmpheric  and stratosphcsic  rnid-
latitudes (PIute$ 4a and db), the summer evolution is quite smoodt with a maximum cooling rile of 4
YJmorrth  below 75 km while the wirrkr  evolution is mnch more chaotic as well as during  tlw entire yem
above 75 km. A non-negligible part of noise may accouut for this larger variability al fiat height However,
it is clear that the summer  upper rnesospherc  cools down in two steps. Tlw IM step is in Wmrary around
85 Jrrn, with a maximum cooling rate of i2 K./mend and the second slcp hs late April around 75 km and
above. All mid-latitudes irrstrumcnts  (i.e. OHP, CEL, CSU and TMF) agree in this part Theu a first strong
heating period takes p!ace in kile August ~14 K./month as showr]  in Plate 4a). This mesosphcric  warming
pr~p~gates  dow-nward with a maximum of 10 K/month at 65 km in mid-October. Immediately after this
wtrurring  pcnod,  a short quiet period follows, extending from September around 85 km to L~te October al
70 km. Then a scc.ond Strong warming period occurs, with a maximum of 10 Wmcmth at 90 km in October
propagating downward with a mzwimuru of 6 IUmonth  in early November, in the shatosphcre the wimcr
Cooling occurs in a ~~~LlkLK  mmmr (-4  to -8 ~month)  in the entire 30-55 km layer. men. from  kite
November lo late December, the temperature behavior ti the mmospherc is driven by the occurrence of the
rneso.spheric  temperature inversiorrs.  A huge cooling (up to -14 K/month) is obsc.rved around 65 km and a
modewte warming (47 K/monlh)  is observed at 75 km, This is in good agreement with some modeling
performed by L.eblanc and Hauchccornr!  [1997]. In their model, the Kmpetzrture.  inversions are the rcstdt
of mesoscalc meridional and vertical circulation cells due to the breaking gravity wave. Ascending motions
adiabatically cools the lower part whiJe deseemiirrg motions adiabatically heats the upper p@ haling to a
large departure from the radiatively  determined tcm~ratrrres.  More details are given in ~bhmc imd
Hauchecorrse,  1997] and ~b]anc c-t al,, this issue], For WO (Hate 4c), the scmianrswd oscillu~irm is
charactcnzcd  by weak warming rates (ma.. of 4 K/month at 38 and 45 km in January and August
respcctivcly) and cooling rates (around 2 Wmonth)  in the entire rniddlc atmosphere exeept the upper
rncsosphere.  .4bovc 75 km, stronger values (up to 15 K/month) randomly distribukxl in time arc observed
Once agm a possible e!qdanation  is the effecl fif the mesospheric  tides. Al these aJtitudes, the amplitude
of the diurnal and semidiurmt tides can reach 5-10 K, However,  ttw difCele~t times of measurctncnts do not
vary critically (typicxrtly,  al I mrzmrements  arc obtained within  the first 5 hours of the night). Some other
effects related to the. statistics and/or the noise have 10 bc taken into account. A longer chtabase may lead to
significant insights in the future. For TMF (PIrste  4b). an exwcted intermediary scheme between OITP/CEL
and WO is observed The mid-latitudes armuat cycle is dominan L but with sornc modulation due to the
intluence of the lower latitudes, For example, the early wirrtcr  cooling of the stratosphere occurs  at the
same time as for OHP/CEI. (late October), and the summer cooling in the mesosphere behaves like at
OHPKY.L. The Firsl strong winter mesosphcrio  warming observed on Plate 4A is also observed for ‘IN@
but with weaker amplitude (+8 K/month at 67 km), Then the winter mesosphere  behaves quite diiTcrcntly.
The strong cooling period bchvccn 55 and 65 km occurring from November to Decemkr  at OHP/C.H.,
now occmrs in late Deccmbcr-early Janumy around 55 km In addition, the strong warming period observed
M OHP at 75 km is no longer observed in December, but in Febrwy  and at 70 km. Tht  lower latitudes
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s e e m  to affect signitlcanrlythe  tenlpemtwe titittio rat~dtigtitis~tiod The4  K/monlh Cooling

rate in mid-( lctober at 60 km observed at MM is in opposite phaw with the 10 K/mornh  warming rate
observed at 65 km at C)HP.  llie consequence is a moderate warming rate of 4 K/month at TMF. Also, a 6
K/month warming late observed at MLO at 65 lmr in early December is in opposite phase n-ith the large 14
K/month cooling rate obsc~cd  ar C)HP, rcsul~ng  in a mMcratc ~ K/mon~ ~oling  mtc at ~,

f. Difference with CIRA-86

The composite daily mean profiles were then averaged to obtain the climatological monthly mean
tcmpcmtwes,  These lcmpcralurcs were subtracti to IIIC monthly mean CIR-A-86  tcmpcramrcs. The results
are plotted in Plrrtcs  50 (OHP rmd CSU),  5b (lMF) md 5C (MLO), The observed de~artures from the
model have typically 3 origins

The first one is the usually small magnitude of the CIRA ternpemture  variability, compared to the
obscwe~ temperatira,  In our case, fil$ applies at mid-latitudes in the stratosphere, and in the mesosphere
above ‘l%@.  ~s is @y due to a large smoothing when computing the CfP.A  temperatures, together with
residual noise and/or variability when computing the observed temperatures. The associatwl  errors remain
srnaIl, in the order of 1-2 K, and cannot be easily identified.

The second source of depmture  is related to a systematic bias in the C[FLA  (cmpcraturcs,
essentially due LO the poor or irregular horimnlal  and vetical resolution of rhe model Once ag@ thk
errol  remains small in the middle atmosphere but is not negligible since it can affect an entire layer or
season, For OHP and CEL (Mate Sa), the observed temperatures are Systernatimlly  24 K colder than the
CfRA between 30 and 40 km. cspccirrlly in summer, .anrl  2-6 K colder behveen 70 and 80 km, while no
syslemtiLic crmr i$ observed al sh+atopause  altitudes. For TMF, no significant dep~rc of this type is
observed FOI MLO, the entire legion between 15 and 55 km is colder than the CIRA (up to 4 K in the
upper  stratosphere). At mesopaw<e  altihrdcs this error is Large, M pointed out by the difference CSU-CKttA.
A very large positive departure (more than 16 K) is observed in the crttirc mcsopawc  region (90-!)5 km).
This important point will be discussed later, when comparing CSU and OHP/CEL Above 100 kzrL the high
temperature variability owed to ttlcrrnosphcric  proccsscs  leads to a large negative depmtuce of  16 K in
suruncr.  The vertical gradient of tempemhlre departure C. SU-CXRA  is exlremely large in summer,
extending from +17 K to –17 Kin 15 km, and suggesting a very poor accuracy of the CRA  at that hcigh~

The third SOurce  of error is related to transient processes, like sudden seasonal transitions froIu
summer to winter or stratospheric WUmings, The CtRA Temperatures, with a l-month time ICSOlution can
rtot accurately take into account such processes with time scales shorter than 2-3 months. The errors
associated are generally lwgc. For OHP and CJ3L obsemed te.mperahres  are up to 10 K colder in December
and January, This can be explained by thr. out-of-phase between the Ialc January-February occurrence of
striitosphcric  warmin.gs  at W-W/CEL,  <ml its equivalcml occurring earlier for CIRA (December-Januaryj,
Consequently, the. CR-A is too warm in Dcctxnker and January. In the lower mcsosphere,  OHWCEL and
M temper~hlrcs  arc warmer than the C!IRA, A maximum departure of 10 K around 70 km is observed in
February at TNfF,  4 K at 60 km in Apt-it-May for all mid-latitudes sites, and 4 K (rcspcctivcly 8 K) at 60-70
km in November above OHP/CEL (respectively TMF). b the middle mcw@wre+  OHP/CEI.  temperatures
are colder than CUM, with a maximum dep,artnre of 10 K in Nos erubtr at 75-SO km All t.bcsc departures
NC duc to the difference of behavior in ihc scasorud tran~itiu~ The positive maximum in l%bnrary  is due
to the second winter warming, where the ocmrrtence  of the meso$pheric temperature inversions lui$ its
maxlrnurn above TMF. The positive maxim  at LO km in April and 60-70 km in late fall arc respectively
rcliikct to the late wintel ~vam~ing @ebruary-March)  and to the fir$t wimcr warmhg (October), The
negative maximum at 75-80 km i$ related 10 the stationary pmiocI  trapped in October between the firsl and
second winter warroirrgs.

For MLO (Plate Se), the tcrnpcmlurc departures are smaller than al mid-latitudes This is not
surprising since the variability i$ iisclf smaller rrt low-latitudes. Consequently, the systematic errors, the
errors owed to the .arrnual ~d sernMnnual amplitudes  and the errors owed to the seasonal transitions are
til minimized. In the entire mickl]c  atmosphere except two times of ttm year between 6(1 and 70 km, the
CM i$ warmer. In the stratosphere, this systematic departure is about 2. At SO km a maximum of 10 K
negative departure can W obstwed For the same reawms cxphdned in the previous subsection, this large
departure is partly due to the mesosphwic  Iidrs Moreover, a very typical pattern is observed at thti
beginning of the year: A neg,ahvc departure is propagating downward from 80 km, ;issociattd with a
positive departure around 65 km, and a negative departure again between 50 and 55 kILL T’he simkuity  in
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the dmvnwmd propagation for these three different layers suggests a possible  outward sign of a wavelike
structure. M fact, the associated vertical wavelcngtb  is close to that of the diurnal tide (2S km for the first
mode), suggesting that the temperatures measured by lidar at MLO are representative of early night
temperatures. It is not urdikely  that XUOSL of the obsemd  departure in the middle and upper mcsosphcrc is
relat~d to tickd effects. This will be investi@ed  more in details during the rrext months  A longer rlntabase
itt MLO i$ anyway necessa~ to provide a more detailed explanation.

g. Inter-comparison OHJ?/CEL-TMP and OHP/CEL-CSU

311c  monthly mean temperatures at OMP, CEL, CSU and TMF were then corrrpticd  Between 70
and 80 knL the differenw OHP-C13L  does not exceed 6 K. Below 70 h~ this ~“crence newer exceeds 4 K,
with a (Ypical values comprised between –2 and +2 K, For this reason, we show ordy the difference
between OHPKXL together and TMF (PIirte 6a). Agahr,  the largest differences are observed in winter.

‘h po$itive difference obsmmd irt November at 6(] trm cm-responds to the d,ifikrcncc of the magnitude or
the first winter warming period ahearty pointed out The strong negative difference firm  December  at 60-
65 krn to J7cbruary-March at 711 km is lhc consequence of the delay in the occumence of die mesosphenc
temperature inversiorts,  as described previously. The positive dil%rcncw  observed in the stratosphere in
January is a consequence of the weak warming period observed at ‘I?@ in February a.weiated  with thC
Jarurary cooling period at (Xl’  and CEL, No explanation of this difference can be givcrr at this date. In
summer, the positive difference at 50 km simply  corresponds to the latitudinal variation of the warm pha.w
of the mural  cycle, occurnn~  2 WA Iatc[ at TMF and with a weaker arnplitudc. The difference belween
the OHP+CEL  tempcmtum mld Ule CSU tempcmtwes  ue @en m Plate 6b. ~~e Over~aPPed ~ltitudes  are
initially 75-90 km, bui the significant remk.s  actually appw brlwccn  83 and 87 km only In fact, the lower
pwL IJf tk CSU profiles have a systematic positive error due to the Na Iiw tiysis method. ~s is CIWMIY
observed in Plate 6h. Above 87 k~ the OHP and CEL temperature pIoGIes contain a non-negligible part
of CIRA climatology duc to the a priori initialization at the top. The positive difference observed above 85
km in Plate 6b is thcrcforc  not surprising. In effect, since the (XRA above CSU sc.crn.s much too cold at 90-
95 km (S.CC Plate Srr) and does not differ significantly from that above south of FTane, the tempaaturt
initializwion using CIkA might lead to too cold temperaiurcs  at the top of the OHP and CEL pro~ites. For
this reasrrIL temperature initialization using Na lidar climatological data is currently under investigation by
the CNRS/SA and JPL iidar group

Interarrnual variabiLky rrnd ClrservaLion of the QBO

Figures: CM!?, CSIJ, TMF, MI-O ??

Discussion and Conclusion
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