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Abstract. A new analysis method for producing tidal tem- Walterscheid and Sivjee, 2001).

perature parameters using meteor radar measurements is Pre; . . .
. . ey words. Meteorology and atmospheric dynamics (mid-
sented, and is demonstrated with data from one polar and tw y 9y P y (

mid-latitude sites. The technique further develops the tem-8le atmosphere dynamics; waves and tides) — Radio science

perature algorithm originally introduced by Hocking (1999). (signal processing)
That earlier method was used to produce temperature mea-
surements over time scales of days and months, but required

an empirical model for the mean temperature gradient in thel  Introduction

mesopause region. However, when tides are present, this

temperature gradient is modulated by the presence of thRecent papers (Hocking et al., 1997; Hocking 1999) have
tides, complicating extraction of diurnal variations. Never- demonstrated how meteor radars can be utilized to measure
theless, if the vertical wavelengths of the tides are knowntemperatures around the mesopause region. One method
from wind measurements, the effects of the gradient varia{Hocking et al., 1997) requires knowledge of the pressure
tions can be compensated for, permitting determination ofat the height of radio scatter, and is not recommended, since
temperature tidal amplitudes and phases by meteor techthe CIRA pressures are too unreliable for useful application.
niques. The basic theory is described, and results from meThis method does, however, permit a height profile of tem-
teor radars at Resolute Bay (Canada), London (Canada) angeratures to be determined if (and only if) the pressures can
Albuguergue (New Mexico, USA) are shown. Our results arebe properly measured. The method is probably more useful
compared with other lidar data, computer models, fundamenwhen it is combined with temperature data from other instru-
tal tidal theory and rocket data. Phase measurements at twents to allow for the determination of atmospheric pres-
mid-latitude sites (Albuquergque, New Mexico, and London, sures in the meteor region.

Canada) show times of maximum for the diurnal temperature The second method (Hocking, 1999) produces only a
tide to change modestly throughout most of the year, varyintheight-averaged temperature in the meteor region, but re-
generally between 0h and 6 h, with an excursion to 12 h inquires no a-priori knowledge of atmospheric pressure. For
June at London. The semidiurnal tide shows a larger annuabest results, however, some approximation to the mean tem-
variation in time of maximum, being at 2-4 h in the winter perature gradient is required, and this is usually provided
months but increasing to 9 h during the late summer and early)y an empirical model. A suitable expression was given in
fall. We also find that, at least at mid-latitudes, the phase ofHocking (1999), but subsequent studies with lidar observa-
the temperature tide matches closely the phase of the meridions at various sites have led to some refinements, notably
ional tide, and theoretical justification for this statement isin the polar regions. Complications also occur in the polar
given. We also demonstrate that this is true using the Globakummer region because the mesopause can alternate between
Scale Wave Model (Hagan et al., 1999). Median values fora height above the meteor peak and a height below this peak.
the temperature amplitudes for each site are in the range 5 tve will not discuss the newer empirical temperature-gradient

6 Kelvin. Results from a more northern site (Resolute Bay)in this paper because is not critical to the determination of
show less consistency between the wind tides and the temidal amplitudes, which are our main focus in this paper.
perature tides, supporting suggestions that the temperature Generally, several hundred meteor detections are required,
tides may be zonally symmetric at these high latitudes (e.9in order to make a successful temperature measurement, and
several thousand meteors are preferred. Hence, meteor radars
Correspondence toA. Hocking (mardoc-inc@rogers.com) generally produce temperatures which are daily averages, or
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even 2 or 3 day averages. The fact that the averaging period Basic theory

is so long permits us to use moderately slowly varying model

seasonal values for the temperature gradient_ As a Starting point to our analysis, we assume that we have
However, it is also desirable to extract tidal information recorded temperatures as a function of hour of day via a su-

in relation to temperature. In principle, this can be doneperposed epoch analysis, and have fitted diurnal, semidiur-

using “superposed epoch analyses” (also called “composhal, and terdiurnal components. Figure 1a shows an example

ite day” analyses), in which meteors are binned into hourlyof such a fitting process.

(or 2-hourly) bins as a function of time of day, using data We will assume that each temperature was determined

from extended time periods (typically 10 days to one month).(following Hocking, 1999) using an assumed (fixed) temper-

This allows us to achieve the desired count rates of severahture gradien(‘”) . It will in fact turn out that our final

0
thousand meteors per bin. We may then use the standargya| temperature amplitudes will be largely independent of
temperature-determination algorithm (Hocking, 1999) to de- dT

our choice of(—) but for now we will let this parameter
termine the temperature in each bin, providing that the tem- o

perature gradient is known. This gives us, therefore, a “typi-0€ general in value.
cal” diurnal variation, at least to the first order. The value of the temperature in each bin derived using this
In this paper, we assume that most of the diurnal varia-(fixed) value for(d—z) will be denoted ag},,; .. (i), wherei
tion of the temperatures is due to atmospheric tides. If thes the bin number. Then, following (Hocking, 1999),
tides are of short vertical wavelength (e.g.40 km), then
the temperature gradient itself shows a diurnal variation, and,, ¢ | M_ dr
. . . . . . nairve — S oge + 2 (1)
a proper determination of the diurnal variation in tempera- dz
ture should consider this fact. If the vertical wavelength is
known, for example, from determination of meteor winds,
then it is possible to compensate for these variations in gra-
dient. Indeed, the temperature amplitudes for the diurnal and
semidiurnal tide deduced by this process are not only robust
but are also largely independent of the assumed value for the Mg daT
mean daily (seasonal) temperature gradient. Tirue = Sm 10g, <_ +2 ( dz ) ) %)
In this paper, we describe the theory behind the determi-

nation of temperature tides by this procedure. Results areﬂ,here(ﬂ) is the true (unknown) temperature gradient at

compared with values achieved if the diurnal variation in

the time of measurement. This parameter will in fact vary as
temperature gradient is not considered. We find that proper

a function of time of day, as the tide changes.

consideration of the gradient in this way typically produces BY comparing the two brevious equations. we see that we
amplitudes of the order of 20% less than those obtained with y baring P q '

whereM is the molar mass of the atmosph@fés the accel-

eration due to gravity, angt is the ideal gas constant.

A more accurate value for the temperature would, how-
ver, be

the more naive procedures, and can alter the phase by up {0 aad write that
2h. Mg | o (d_T ) ]
Section 2 outlines the basic theory used in our considera- —T R dz ), 3)
tions. We permit arbitrary diurnal and semidiurnal tides, but = "¢ = """ | mg 12 (d_T)
not terdiurnal tides, in our initial theory. In Sect. 3 we show R “/od
results of our_procedures from various sites using SKlY_M_ET We will write this as
radars (Hocking et al., 2001), and present annual variations _
in tidal amplitude and phase for both diurnal and semldlurnaIT T [lJr A (d_T) (4)
true — naive ’
components for sites near London (Ontario, Canada), Albu- z/,

querque (New Mexico, USA) and Resolute Bay (Nunavut,

Canada). We also compare our results to published tidal amwhereB = (%) / [% +2 (‘Z—Z)O] andA = 1%412

pIitudes and phases deduced by lidar techniques (States andWe now assume that the tempora] variatior7pf;,. can
Gardner, 2000a, b) Similar lidar measurements have beeBe written as the sum of harmonic components, Viz
presented by Chen et al. (2000), but we will concentrate our

comparisons on the data of States and Gardner (2000a). Our

temperature tidal amplitudes often appear substantially largey, ... = Tony + Fp €pn cos(z—nt + ¢DN>

than modeling suggests should occur, so in Sect. 4 we present ™

data from earlier meteorological rocket studies which show 2

that amplitudes of the order of those that we measure are rea +F €SN COS<_t + ¢5N>
sonable. We also find a frequent close similarity between the o

phases of the temperature tide and the meridional wind, and-Fr €7~ COS<—f + ¢>TN> (5)

in Sect. 5 we present the theoretical background as to why

this is true. In Sect. 6 we discuss our results in a general Here, the subscript¥” in the various terms reminds us
context, and in Sect. 7 we present our conclusions. that this is a fit to the “naive” hourly temperature dafay is
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the mean value df,,,;v., €pn IS the amplitude of the (naive) the gradient vary with time. We wish to utilize our measured
fitted diurnal componentpy is the phase of the fitted di- “naive” tidal amplitudes and phaséspy, ¢pn, €Esn, OsN,
urnal componentegy is the amplitude of the fitted semid- €7y andg¢ry) to derive the true value& p;, ¢p:, €s; and
iurnal componentgsy is the phase of the fitted semidiur- ¢g;).
nal componentery is the amplitude of the fitted terdiual  From Eq. (4), and recognizing that the tem(i’TT) is
componentgry is the phase of the fitted terdiurnal compo- e
nent. The quantitiesp, ts andty represent the periods of
the three major harmonics (24 h, 12 h, and 8 h, respectively). T A dT
Fourth and higher harmonics could be included, but for nowT},,;. = e T e (—) . 9)
we assume that they are small in amplitude. B B 4z / irue

We also need to describe the meaning of the tefigsF

) . . . Itcan be seen thdi,,;,. involves a term which is a product
and Fr in the previous expression. These represent spatial .
. . . Lo . of the true temperature and the temperature gradient, both of
filters, and require some explanation, which is now given.

. : . which contain various harmonics. Hen@gy;,. will involve
The effective temperatures which we determine are actu- Baive

. . . . even higher harmonics — for examplejf,. contains first,
ally an average in height. If we have a single tidal compo- . ; ) . .
. . . . second and third harmonics (diurnal, semidiurnal and terdi-
nent, then in any time bin we measure a quantity

urnal components), theR,,;,. may contain up to the sixth
harmonic. This is why at present we only perfiit,. to ob-
= / W(z)Tocosimz + ¢)dz, (6)  tain diurnal and semidiurnal components; it restrifts; .
to contain only quardiurnal components at maximum. Later,
wherem is the vertical wave number of the tidal component we will fit a linear combination of first, second and third har-
and W (z) is a weighting function which follows the meteor monics to ouff},;,. values, in order to determine diurnal and
count-rate profile. Thus, the temperature that we measure isemidiurnal components ifi,... If we wanted to retrieve a
a weighted average across the depth of the “meteor region’terdiurnal component iff;,..., we would need to fif},; . to
Tides with very short vertical wavelengths will have substan-the sixth harmonic, and past experience has shown that the
tially suppressed measured tidal amplitudes, and tides witkerrors on the fifth and sixth harmonics can be very large, and
very long vertical wavelengths (much longer than the depththe values unreliable. Hence, we restrict ourselves to cases
of the meteor layer) will suffer almost no suppression. Thewhere the terdiurnal component is known to be weak (as de-
quantitiesFp, Fs and Fr represent filter functions that de- termined from wind tidal measurements), and concentrate on
scribe the level of suppression, and they may take values bediurnal and semidiurnal temperature tides for now. Further

tween 0 and 1. They are particularly dependent on the ratiadvances on this theory to include higher harmonics may be
between the depth of the meteor layer and the vertical waveincluded at a later time once some level of confidence is es-

generally much less than unity, we may write

length of the tide. o tablished in the current procedures.
We now assume that the true temperature variation as a Expanding each side of Eq. (9) in terms of harmonic com-
function of time can be represented by ponents, as shown in Egs. (5), (7) and (8), gives

2
= - 2t
Ttrue - TO[ + FD €Dt COS(rD ! +¢Dt) TON + FDN €EDN COS(; + ¢DN)

2
= 21t
+Fs €si COS< - ¢st> : (7) Foy €sn COS( i ¢,SN>
s
where the subscriptt" means “true” temperatures. Notice

2t
. S Fry €rn cos| —
we have assumed only diurnal and semidiurnal components TN €TN ( 7 oy

in this case, for reasons to be described shortly. Tor  Fpy ot
Then, the temperature gradient in each time bin varies,and = B + B €Dr COS(— + ¢Dz>
is given by
FSt 2wt
<dT) B (dT) +? €s: COS ?"‘QSS[
dz true dz Ot A 2t
——|Tor + Fp: €pr COS| — + ¢p
B 195}

. (2t
—Fpmp €p; sSIn| — + ¢p;
(7))

2t
ot +Fs; €5 COS _L_— + ¢s:
—Fsmg €g; sin <? + ¢St> s (8) S

ar . t
. ) X|: <—> — Fpimp €p; SIN (i + ¢Dz>
wherem p andmg are the vertical wave numbers of the di- dz /o ™D
urnal and semidiurnal tides, respectively. Note that this is a . (27t
time-varying quantity, so both the absolute temperature and —Fsims €s; s s Tési) |- (10)
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Albuquerque, New Mexico
2303 January 1999. 88km

1
€pn COSPpN) = — €ps COSPp,)

X, 210 B
S 190 A
c +—Tomp €pr SiN(@pr)
— 170 B
A (dT
i50+———7F7v—+"—""—t—7r— —E d_ E€pr COSPpy)
(@) 00:00  06:00 12:00 1800  00:00 o
Time (hours, UT) 1A
' +§§FS €prEst ms SiN(psr — dpr)
‘2 Zle
X 3 1A
D 3 —=—Fs esi€p, mp sin(és; — ép;) (12)
= - 2B
2 7
% 190
O - _ 1 :
c — €py SINGpN) = & €pr SINGD1)
® 70— * | A
""" AR ——Tomp €p; COYPpy)
(b) 00:00 06:00 12:00 18:00 00:00 B
Time (hours, UT) ar .
-= GDr sin(¢pr)
dz
Fig. 1. (a) Graph showing the mean “naive” temperature as a func- 1 A
tion of time of day for a composite day for January 1999 over Al- _EEFS EpiEst ms COYPsr — Ppr)
buquerque, New Mexico. A best fit diurnal plus semidiurnal plus 1A
terdiurnal curve is also showib) “True” temperature versus time +=—Fg €5,€p; mp coOSps; — dp;) (13)
of day after compensation for the introduction of artificial higher 2B
order modes that arise as a result of effects associated with the daily
variation of the temperature gradient in the extraction of meteor- 1
derived temperatures. cgn COSsy) = = €, COYos;)

A .
The filter functions can readily be evaluated for any pre- +gToms s sings)

specified vertical wavelength by evaluating Eq. (6). We actu- A (dT

ally perform the determination in the Fourier domain, which B <d_1)o; €51 COSbs:)

makes it much faster. Since the phase teris not known, A F2

we normally average over several phases to produce atypical "D E%z mp SiN(¢p;) cOPp;) (14)
“average” filter. We also assume thasy = Fp, = Fp, and B Fg

Fsy = Fs; = Fy. If the vertical wavelength is known, the

above equation can be solved uniquely for the five unknowns, 1

Tor, €ps, Opt, €s: aNdeps;. A detailed solution of these equa- €y SiN(psy) = — €s; SIN(Ps;)
tions involves expansion into mean, cosine and sine terms, B

and equating like harmonics. ——Torms €s; COSps;)
Ideally, we would like to solve these equations exactly, but
an analytical solution involves an enormous number of terms. _A <d_T) € SiN(dsy)
Therefore, we settle for solving (initially) just for the diurnal B \dz /)y
and semidiurnal components, and assume for now that other 1A F 5
terms are small. However, this will not be our final solution, 2B Fg €pr MD (2 cos (¢pr) — 1) (15)

but simply a starting point for a better solution, so we will

eventuaIIy make use of even the terdiurnal components of thgpere( ¢ ) represents the average true temperature gradi-
Toaive fit. Even when we just concentrate on the diurnal and

semidiurnal terms, almost 50 individual terms are involved,

but after some manipulation the following simpler equations

it
ent for the whole day. The tidal components are only weakly
dependent on this term, and use of an empirical model is suf-
ficient. Indeed errors in this assumed slope affect primarily

emerge: the calculated daily mean temperature, and have little impact
Too A daT on the tidal amplitudes and phases.
Tov = 5 = pTor { - (11) The vertical wavelength (where available) can be found

from the wind components determined by the meteor radar
by fitting temporal diurnal, semidiurnal and terdiurnal har-
monic components to the wind components in the usual way.
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Diurnal Wind and Temperature Amplitudes and Phases at Albuquerque, (35N).
Decllan/Feb/Mar. o 7onal

o Meridional e Temperatures
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Fig. 2. Graphs showing examples of the diurnal tidal parameters deduced using the meteor radar at Albuquerque, New NéRico (35
Shown are height profiles of amplitudes and phases for the winds, as well as estimates of the temperature amplitudes and phases at 88 ki
altitude. The values are seasonal vector averages over several years, as indicated in the table at the base of the figure. Error bars are sho
for the amplitudes and the temperature phase. No error bars are shown for the wind phases, since they are less than the sizes of the symbc
used.

Cases where the terdiurnal wind component is large are exmonic fit of the transformation function directly on tig,; .
cluded from further analysis. Thus, the meteor radar providevalues. We do this by using a least-squares minimization
all the information needed to apply the method. search algorithm, as described below, using the values for
It should be noted that even though we assume only meargp:, #pr, €s: andés;, as determined above, as the starting
diurnal and semidiurnal components in the “true” temporal points for our minimization.
variation of 7', the “naive” temperature variations will con- ~ This procedure is performed in the following way. Rather
tain artificial terdiurnal and higher components due to thethan fit harmonic components to the observations, we fit the
cross terms involved in Eq. (10). Thus, the valuesder, more complicated function on the right-hand side of Eq. (10)
and¢ry are in fact combinations of p;, ¢p;, €s; andes;, directly to the raw data. Thus, if the raw data points are given
and do not represent true terdiurnal tidal oscillations. by R(z;), and the function on the right-hand side of Eq. (10)
Solution of Egs. (12) to (15) is a relatively simple proce- IS described by.(z, Toi, €pr, ¢pi. €s1, ¢s:), then we simply
dure, which will not be elaborated upon here, and we canMinimize the quantity
readily produce values fatp;, ¢p;, €s; andgs,. However,

we have already indicated that this solution is not our final , » 524

answer, but a starting point for a more exact solution. The™ ~ ~i=1

previous solution essentially ignored the terdiurnal compo- [R(ti) — L(t;, Tors €dts €Dty GD1s Ests ¢s;)]2, (16)
nent in even the “naive” fit. We now wish to go beyond this

assumption. wherey; are the time bins, which here have been taken to

In order to do this, we adopt the following solution. The occur at steps of 1 h. Notice we alldy; to be a free variable
previous procedure involved a two-step process. First, weas well.
applied a least-squares harmonic fit to #)g;,. values, and Minimization of this quantity as a function of the variables
then we solved a separate set of Egs. (12) to (15). This gavef L can easily be achieved using standard algorithms (e.g.
us a set of coefficients which can now serve as a startindevington, 1969). We use the values derived in the first pro-
point for the next step. We now perform a least-squares hareedure as starting points for our final determinations by the
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Semi-diurnal Wind and Temperature Amplitudes and Phases at Albuquerque, (35N).
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Fig. 3. As for Fig. 2, but for semidiurnal components at Albuguerque.

second procedure. Thus, determination of the terms can beadar operates according to the description in Hocking et
achieved. al. (2001), and functions at a frequency of 35.24 MHz. Typi-
An example of the application of these procedures iscal height profiles are shown for both the diurnal amplitudes
shown in Fig. 1. Figure 1a shows the temporal variation ofand phases. Error estimates are shown, as based on the de-
the “naive” temperature, and then Fig. 1b shows the vari-terminations of Thayaparan and Hocking (2002). These data
ation of the “true” temperature. The vertical wavelengths are especially important for temperature determinations, be-
have been determined from the wind tides, as described eacause it is these data which enable us to determine the ver-
lier. Itis clearly seen that the “true” temporal variation dif- tical wavelengths. For example, the March data show very
fers from the “naive” values, both in phase and amplitude.well-defined phase progressions with height, from which the
The true temperatures show a smoother variation, which issertical wavelength of the diurnal tide can clearly be seen to
to be expected, since some of the higher-order oscillations ilbe about 30 km. Determination of vertical wavelengths for
the naive values are in fact due to mathematical coupling bethe February and January data is also possible, though not as
tween the first and second harmonics. In cases where the veobviously as for March. The December data shows an ex-
tical wavelength approaches infinity, the “naive” and “true” ample where determination of vertical wavelengths is harder
temporal variations become identical. to ascertain, although the meridional component seems to be
evanescent and the zonal components have a vertical wave-
length of the order of 30 km in the 82 to 92 km region. Cases
in which the vertical wavelength cannot be properly deter-

In this section we present the results of the application of thism'.ned are gengrally excluded from further temperatu_re.anal—
sis, although in some cases we can place lower limits on

theory to data from sites at Resolute Bay (Nunavut, Canada)Y . . .
London (Ontario, Canada) and Albuquerque (New Mexico the vertical wavelength, which can still be u_seful. _In cases
USA). We compare results with two different references; firstWh_ere the wavelength cannot be found easily, but IS clearly
we compare them with the GSWM of Hagan et al. (1995 quite Io_ng, we may also extract _useful temperature t|<_je_s, be-
1999), and second, with a detailed set of lidar observations fausen those cases the variation from the “naive” fit is not

lllinois by States and Gardner (2000a, b). With regard to Ou?large. Figure 3 shows similar plots, but for the semidiurnal

observations at Resolute Bay, we make some general coniides. The temperature tides are also shown, but we will re-

parisons with various types of meteorological rocket data. trn to a greater discussion about these shortly.
To begin, Fig. 2 shows meteor wind data recorded with Figures 4 and 5 show some comparisons between vari-
the meteor radar located at Albuquerque, New Mexico. Thisous mid-latitude measurements of temperature tides in the

3 Results of application
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Diurnal Temperature Amplitudes and Phases (Albuquerque, 35N).
Diurnal Temperature Amplitudes and Phases (lllinois, 40 N).
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Fig. 4. Various estimates of the anticipated diurnal temperature tidal amplitudes and phases in the altitude band B5 &h@&n are

estimates from the Global Scale Wave Model (Hagan et al., 1999), an earlier version of the GSWM, measurements due to States and
Gardner (2000b), as well as two sets of estimates of diurnal temperature parameters made by meteor radar. The “uncorrected” meteo
radar temperatures are also referred to as “naive” temperatures in the text, whereas the “corrected” temperatures are referred to as “true
temperatures in the text. Error bars are given for the “true” amplitudes, and for both true and naive phases. The error bars for the naive
amplitudes are not given, but are the same as for the corresponding true amplitudes.

atmosphere, for diurnal and semidiurnal components, respeddrbana, lllinois, USA. The GSWM data (Hagan et al., 1995,
tively. These include lidar measurements (States and Gardt999) were extracted for 3 latitudes from 36 t6 A2 Notice

ner, 2000a, b) made using a lidar capable of daytime temfrom the GSWM profiles that there is not a large variation
perature measurements, as well as results from a numerin either the amplitude or phase between the two extremes
cal model, and also results from the meteor radar at Al-of the latitudes shown, so it is reasonable to compare these
buquerque. The lidar data were acquired at Champaignédata from different latitudes. The meteor data are shown
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Fig. 5. As for Fig. 4, but for the semidiurnal temperature tide at Albuguerque.

for both the “naive” fits and the “true” fits as seasonal av- ciently reliable summertime data were only available for the
erages. Some temperature tidal parameters for the months @ifst time in 2000, and there has not yet been time to analyze
December, January, February and March are also shown ithese.
Figs. 2and 3 It Sh.OUId b_e noted_that the meteor s?te had large One of the most significant points which is clear in these
;méiggﬁz;)férgpt:fé\igg'zi ?]neda'rrgerfi'ﬁgfﬁhzzrtﬁﬁ:;rllyo(fjt:efigures is that both the lidar and the meteor data produce tem-
reduced o%r dZta uantities si niyﬁcpantl It wés enerall erature amplitudes at 88 km altitude which exceed the es-
ossible to deduceqwinds fromgthe rada?/r' data bu?the terzEimates for the GSWM model. Nevertheless, we should em-
P : . ’ : é)hasize that the model concentrates on migratory tides, and
perature analyses required much higher data rates, in ord oes not consider non-migrating tides or zonally symmetric

;{r?tthrlgée dsflétflﬁ;?a?;;gtgﬂcae?;?drzg(iosrot?ies rg:::; V\,/\lec:e dr;?tides. The diurnal phases are all in the range of 3 to 12h
P P ' or spring, 0 to 8h for fall, and-2 to 5h for winter. Al-

are shown for summer for the radar at this time because Sumfhough this represents a moderately large spread, some of the
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reasons for this scatter is intraseasonal and interannual variesent interannual variability. Further investigations are re-

ation, as we shall see shortly. The semidiurnal phases showuired here.

quite good agreement between all techniques in spring and In Figs. 8 and 9 we present monthly (vector) averages

winter, and all three sets of data show quite different resultsof the meteor temperature tidal values for Albuquerque and

for the phases in fall. However, the temperature amplituded.ondon (Ont.), respectively. For comparison, we also show

are also quite low in that season. the seasonal results from the GSWM for 3§ and the lidar
Since some of the measurements in Figs. 4 and 5 sho/esults for 46 N. The GSWM and lidar data have been drawn

noticeable differences in the phases, we have used the muc¥ horizontal lines covering each season. The agreement in
more extensive data set from the Clovar meteor radar at Londiurnal phases is generally fair, and the semidiurnal phases
don, Ontario in Canada, (e.g. see Hocking and ThayapararPetween January and May are generally quite agreeable. The
1997) to examine interannual variability. We should note, Period from July to November shows the biggest phase dif-
however, that although the salient features of the Clovar mefeérences between the lidar and the other two procedures. The
teor radar have been described by Hocking and Thayapaf-'jata from the Clovar and AIbquerque meteor radars are also
paran (1997), it has also been significantly upgraded sincd generally good agreement with respect to the phases.
1997, and functions more like the SKiYMET radars de- 1he tidal amplitudes show greater variability at Albu-
scribed in Hocking et al. (2001), with the exception that the duerque than at Clovar, which is almost certainly an artifact
data from the five receiving antennas are multiplexed on &f the fact that the Clovar data have been averaged over a
pulse to pulse basis successively into a single receiver in a 5l°nger time period. Thus, the Clovar data are more represen-
point cycle, rather than being fed to separate receivers. Thétive of “typical” conditions, but the larger values shown in
operating frequency is 40.68 MHz. Data are shown sepaFig- 8 are still largely representative of the particular months
rately for each month of each year during those periods whedfor W_hich these data were acquired. Th_e fact that the tidal
sufficient data were recorded in the time frame 1997 to 2000@Mmplitudes reach 20K in November (diurnal) and March

Both “naive” (“uncorrected”) and “true” (“corrected”) me- (semidiurnal) is a point which needs further investigation.

teor results are shown in these figures. The true amplitudelsmeresungly’ our average tidal amplitudes in Fig. 9 (Clovar)

can be seen to be generally shifted to the left of the naiv Show broadly quite similar values to those recorded by the

. . . idar at lllinois, but both data sets in general show values in
values. This is also true in four out of the six cases for Al- .
- : . excess of the GSWM predictions.
buquerque in Figs. 4 and 5 (the only exceptions being the™ _. ; .
. - . e Figure 10 (lower portions) shows comparisons between
diurnal and semidiurnal tides during “fall’, and even then . oo
- . ; the phases of the temperature tides and the wind tides. The
the semidiurnal case is barely larger than the naive value), . . .
. . wind amplitudes are also shown in the upper graphs for ref-
Indeed, the “true” temperature amplitudes are less than the )
o ) . érence. It seems clear that the temperature tides are often
naive” values in 49 out of 51 cases studied, and the average . =~ . . . o
guite similar to the phases of the meridional winds. Similar

o 0 i ) .
reduction is abo_ut 20%. The v_ar|jc1_t|0ns seen in the flguresresults are valid for the Clovar data. We consider this to be
represent both interannual variability, as well as month to

month variability. There is considerable spread, which en-2 S|gn|f.|cant resuIF, anq in Sect. 5 of this paper we preser_lt a
theoretical analysis which demonstrates why this correlation

compasses the values presented by the GSWM and Stat%S(':curs. We will also show in that section that we do not ex-
and Gardner (2000b). . . .
pect a one-to-one relationship between the amplitudes of the

With regard to diurnal phases (Fig. 6), there is again conyind tides and the temperature tides, so the fact that the di-
siderable spread, but generally the median phases overlapng| temperature tides are quite modest in March and April,
quite closely with the results presented by both the GSWMpt the wind tides are very large, should not be considered as
and States and Gardner (2000b). The disparities observeg point for concern.
in Figs. 4 and 5 for Albuquerque can be explained as part Figyres 11 and 12 show diurnal and semidiurnal tidal pa-
of the interannual and intraseasonal variability, since the Al-;gmeters for both the winds and temperatures at Resolute
buquerque meteor diurnal temperature phases lie within thgay' Canada (73N). The radar operates at a frequency of
general scatter region of meteor phases described in Fig. &1 5 MHz, so the height of peak meteor counts occurs at a
Similar comments apply to Fig. 7. lower height than with the other two radars. Also, due to the

The largest discrepancies in phases between the differerftigh latitude, and the large summer to winter temperature
techniques in Figs. 4 to 7 occur for the semidiurnal tide in variation, the height of maximum meteor counts (which is
summer and fall. During these months, the lidar data andalso the height to which our temperatures apply) varies from
the GSWM show approximately oppositely directed phases85 km in winter to 88 km in summer.
and the meteor data support the predictions of the GSWM The meteor radar at Resolute Bay is susceptible to interfer-
in both cases slightly more closely. Nevertheless, there is @&nce from a variety of sources, including other instruments
substantial phase change in the GSWM phases from 85 to 9@hich operate close to it. This is particularly true in winter,
km altitude in summer, indicating a possible strong sensitiv-when many other optical instruments operate simultaneously.
ity to year-to-year variability. It is possible that all the data Hence, there are times of the year when we can produce suf-
are representative of the circumstances during which theificient data to realize tidal winds, but insufficient data to pro-
respective measurements are made, and the differences reguce good temperature tides. We have also noticed frequent
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Fig. 6. As for Fig. 4, but in this case the meteor data which are presented are for the Clovar meteor radar at London, Chitjri© 48

from several years during the period 1997 to 2000 are shown. In contrast to Fig. 4, however, each month of data has been analyzed anc
plotted separately, in order to demonstrate the degree of variability that occurs from month-to-month and year-to-year. Note that as a rule the
“uncorrected” or “naive” amplitude estimates exceed the “true” (corrected) estimates. Error bars are not given for all points, since it would
clutter the diagram too much, but representative error bars are given.

occurrences of large terdiurnal tides at Resolute Bay, as deg2001).

termined by wind measurements, and we chose to avoid an- he wind ti -
alyzing for temperature tides in these months, for reasons _ 1N€ windtidesin Figs. 11 and 12 are averages over 6 years

described earlier. The observations of these large terdiur®f data, although in 1997 data were only available for June

nal tides are consistent with observations reported by Sivjeéalnd jJUly'_ A clear ann_ual cyclein a_m_plitudes is apparent_, with
and Walterscheid (1994), Walterscheid et al. (1986), Wal-maxima in both the tidal and semidiurnal components in the

terscheid and Siviee (1996), and Walterscheid and Sivie€duinoxes. We show data for both 85 and 88 km through-
out the year. Phases are only shown if the amplitudes exceed
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Fig. 7. As for Fig. 6, but for the semidiurnal components.

threshold values of 3 m/s for the diurnal tides and 2 m/s forsome years this can be quite extreme. The 6-h time shift be-
the semidiurnal tides. The phases are also quite well behavetdveen times of maximum zonal and meridional winds also

in most months. A 6-h offset between the zonal and merid-disappears. With regard to the semidiurnal tide, the oscilla-
ional phases is apparent in the diurnal component throughtion actually becomes linear in June and July, with the phases
out most of the year, and a 3-h offset between the zonal andf the zonal and meridional components becoming almost
meridional components is apparent for the semidiurnal com-equal.

ponent in the months from August to May.
With regard to the temperature tides, we have only been

However, we do recognize that during the summer monthsable to produce estimates in 6 months, which are shown in
some of this behaviour breaks down. The diurnal tide showdigs. 11 and 12. A summary of the vertical wavelengths
a significant phase change during the month of June, and imised in these determinations can be found in Hocking (2001),
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Fig. 8. Meteor temperature tidal parameters plotted as a function of month of the year for 88—89 km altitude for Albuquerque, New Mexico,
compared to lidar-derived measurements for lllinois°(MQ and the GSWM for 36N. The meteor data represent vector averages over all
available months in the period 1998 to 2000. Error bars are given for the amplitudes. For the phases (times of maximum), the errors are
smaller than the symbols used.

Fig. 4. In the other months, the existence of terdiurnal tideswind and temperature phases is quite obvious.

and in some cases insufficient data quality, have hampered or The significant differences between the temperature diur-

prevented our temperature retrievals. nal tidal phases and the phases of the zonal and meridional
The first point from these figures regarding temperaturewinds is a very important result. It suggests that the wind

tides is that in general the diurnal temperature tide dominatesides and the temperature tides may be associated with dif-

over the semidiurnal tide. The semidiurnal tides are in genferent modes of propagation, and we will return to this point

eral of modest amplitude, being about 2K in June, Septemiater.

ber and December, and 5K in January and May. These small

values are consistent with the predictions of the GSWM, al-

though that model often predicts even smaller values (less

than 1K). A larger value of 12K is evident in March, and 4 Observations with meteorological rockets

this large value is something of an exception. The phases

of the semidiurnal tide (Fig. 12) show a general tendency tosjnce some of our tides seem to be larger in amplitude than
follow the phases of the meridional winds, broadly consis-the predictions for migrating tides, as proposed by the Global
tent with our observations at Albuquerque and London (e.g.Scale Wave Model (GSWM) of Hagan et al. (1999), we seek
Fig. 10). validation of our large tidal amplitudes, particularly at the
On the other hand, the diurnal tides often show amplitudesResolute Bay site. We have tried to examine other sources
of 10K and more, and these are completely different fromof data for temperature amplitudes. One recent data set is
the predictions of the GSWM, which generally predicts val- that of Chen et al. (2000). These authors also used a lidar for
ues of 2K and less. Furthermore, the phases of the temperdheir studies, similarly to States and Gardner (2000b), and
ture tides are often quite different to those of either the zonalobserved over 18 periods covering 24 h. Although they ob-
or meridional winds. In June, the phase of the diurnal tem-served that the mean nighttime temperatures averaged over
perature tide changes substantially relative to the preceding full year were only 2-3 K different from the mean day-
months. Further studies of the summertime tidal phenomenéime temperatures averaged over a whole year; on any one
are clearly needed, but the lack of correlation between theday temperature variability of 10-20 K from day to night was
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Fig. 11. Tidal parameters deduced by the meteor radar at Resolute Bay, Canad§.(These graphs include both wind and temperature
diurnal temperature parameters. The wind data represent vector averages for each month, with useful data over the period 1997 to 2001. Du
to poorer data rates, and in some cases the existence of terdiurnal tides, it has not always been possible to deduce the temperature tides,
only data for selected months in selected years are shown. The wind data are shown for both 85 and 88 km altitude, while the temperature
data are shown for the height of peak meteor detection (typically 85 km in winter and 88 km in summer for this 51.5 MHz radar).

often visible. This can be seen in several examples in theihave binned all the data from a variety of sites according to
Fig. 1. local time of day. The data cover several years, and also
Another very useful source is the large database of rocketncorporate substantial interannual variability. The data also
observations produced in the 1970’s and 1980’s at a variety o$uffer from the fact that rocket launches generally took place
sites worldwide (e.g. see Eckermann et al. (1995) and referin daylight hours, and especially between 8 am and 6 pm.
ences therein). Unfortunately, these vehicles generally onlyFor some stations, this concentration of flights was so tight
reached a ceiling of about 70 km or less, so we cannot makéhat it was impossible to extract diurnal cycles of any sort.
direct comparisons with our own data, but we can make some Nevertheless, it was possible to find some sites with suffi-
general observations which support the large tidal amplitudegient daily coverage to give some clues about expected diur-
that we have found. nal variations. Some of these examples are shown in Fig. 13.
In order to make useful tidal studies using rocket data, weNote that we have grouped data from several months, in or-
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Fig. 12. As for Fig. 11, but for the semidiurnal component for Resolute Bay.

der to produce sufficient data quantities so that we can makand minima of about 215K towards midnight. This could
meaningful observations. It must be remembered that theseepresent a diurnal tide with an amplitude of over 10 K. Prim-
data were recorded at heights below 70 km altitude, so theyose Lake, which is a moderately high-latitude site, shows a
do not represent data at 85-90 km. However, we expect thadiurnal cycle varying from minima of about 240K at 04:00
the tides will generally grow with increasing height, so fluc- and 15:00-16:00 LT, to maxima in between these times. This
tuations observed at these lower heights will be amplified atpartial oscillation could possibly be part of a semidiurnal cy-
higher heights. Hence, we consider that amplitude fluctua<cle. Maxima are of the order of 260 K, so a semidiurnal tem-
tions shown here will be underestimates for data at 85-9(erature tide of the order of 10K is again indicated.
km altitude. Chatanika actually shows a quite good coverage of local
Although not entirely definitive, it does appear that sometimes, but there is still a concentration around noon. How-
of these sites show noticeable diurnal cycles, which we in-ever, for the period from August to December, evidence of
terpret as tides. For example, Ascension Island shows a tera diurnal cycle exists at 45-55 km, with maxima around
dency for maxima of about 235-240K at 13:00-14:00 LT, noon and minima around midnight. A diurnal tide with an
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Fig. 13. Superposed epoch (composite day) graphs of rocket temperatures in the 40 to 70 km altitude range deduced at various rocket sites
in the late 1970’s and early 1980’s. Light circles represent raw data, while dark squares represent hourly averages. Error bars illustrate the
standard deviations for the means. Where no error bar is shown, it indicates that the error bars are smaller than the size of the square symbc
used to represent the mean.

amplitude of the order of 5-7 K is indicated. indicate tidal amplitudes in excess of the predictions of the

At Shemya, a large diurnal variation is indicated, but the GSWM.
data are few in number, and we are not sure about the signif-
icance level of these data. The data for Fort Churchill do not
show a smooth diurnal variation, although variations from

maxima to minima are of the order of 15K. Although we have shown that our phase results at mid-
Hence, although these rocket data are often sparse at critlatitudes are generally in agreement with the GSWM (1999),
cal times, and are averaged over large numbers of years, aritlis also instructional to examine whether our results are con-
cover height regions below our area of interest, they are sufsistent with more fundamental arguments. One observation
ficient to indicate that tidal amplitudes of the order of 10 K which seems to be somewhat robust, and which can serve as
do exist, even as low as 70 km in altitude. Larger amplitudesa useful extra test of the validity of our observations, is the
will exist at higher altitudes. The rocket results also supportrecognition that the temperature phases and the phases of the
the observations of States and Gardner (2000b), which alsmeridional wind seem to be very similar. We will now show

Temperature and wind phases
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that this result is to be expected for mid-latitude diurnal and Diurnal Tide, 20° to 50° N
semidiurnal tides, using a beta-plane approximation.

We begin with thev’ component of the force equation,
and assume solutionsg, v/, w’ and T’ of the type®’ =
Pyl kxtmz=en “wherex is directed eastward, is vertical,
u’ is the eastward velocity’ is the northward velocity, and
w’ is the vertical velocity. Then

307
Regression Coeff.
= 0.95 Ch

N
o
|

14p
2 =-2 _ ¢y (17)
Dt o dy

o

where f is the Coriolis parameter. Substituting variables of
the form @’ = ®ge! k¥+mz=e and ignoring the pressure
fluctuation terms for now then gives

Time of Max (Temperature)
[E
o

KN
o

-10 0 10 20 30

v’ (@) Time of Max. (Meridional Wind)

—iowv +iku'v' + a—v/ +imw'v = —fu'. (18)
y

Dividing through byw, and recognizing that, = ¢ is the

horizontal phase speed, add = + is the vertical phase Semi-diumal Tide, 20° to 50° N

L 15+
speed, then % 1 Regression Coeff.
/ 190 / — n = 0.79
—iv/+i(u—> v/+——vv/+i<£) v’:—iu/. (19) 8 10—
C, w Jy C, w C ]
0 ]
The horizontal phase speed is several hundred metres per T~ 5
second (circumference of the Earth at the latitude of interest N ]
divided by the wave period), so providedandv’ are less & 7
than of the order of 5851, andC, > w’, and assuming for = 0
now thatv’ changes slowly with increasing latitudes such that o ]
%—’i,’ < w, then we are left with the well-known result that g 544 e
Y 0) = 5 0 5 10 20
u =1—v, ) - :
f (b) Time of Max. (Meridional Wind)

i.e. the zonal and meridional components should be in phase.

quadrature. However, these equations have made the a§!9- 14- Scatter plots of the phases of the temperature tides vs.
sumptions implicit in this derivation clear, and if any one e phases of the meridional winds as determined from the GSWM

£ h . | . d . breaks d h for the latitude band ZON to 50° N for (a) the diurnal andb) the
of the previously mentioned assumptions breaks down, t Qemidiurnal tides. The origin of some of the outliers are also indi-

phase quadrature may well be lost. We wish to determine if.aeq. |n each case the broken line indicates the 1:1 line, and the
similar phase relationships can be derived between the temsolid lines represent least-squares fits of the regression of the ab-
perature and winds phases. scissa on the ordinate, and the ordinate on the abscissa.

We wish to examine the temperature at a fixed height
Temperature changes will occur as parcels of air from un-
derlying or overlying air that is moved adiabatically to this Hence, the temperature perturbation due to the tide at a
height. If a parcel of air is displaced vertically in such a man- fixed height is
ner, it will change temperature relative to its surroundings by

/ N2T w'

an amoun®”’, where T — _i w 22)
8 w
T'=—-[I'y, —T.]¢, (21)
Finally, we will employ the continuity equation
with ¢’ being the vertical displacement of the parcEl, is
the adiabatic lapse rate amy is the environmental (back- % +0(V-u)=0. (23)
ground) lapse rate, which equa#s(‘fl—T) . We also !
/z backg,round h bsti h | bati btai

note thatw’ — z_;;' so thate’ = 2. = ;2. Finally, we When we substitute the usual perturbation terms we obtain

also recall that the Brunt-Vaisala frequency is equaNte , , /

T i ik + Y i =
%[Fa —T.]. la)p +iku' + o H +imw’ =0, (24)
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where H is the atmospheric density scale height (e.g. see We assumed above that the amplituttalls away linearly
Walterscheid and Hocking, 1991). We recognize thais from it maximum, but this is not the case, and in fact maxi-
a complex number and write that = mpy + im;, where ~ mum is quite broad, with relatively small slope as a function

m; = —ﬁ, with H,, being the energy scale height of the of latitude (and hence, as a function pf. Thus, in mid-
wave. For non-dissipating waveH,, = H. For dissipating latitudes we expect the terkw/f to exceedy, and, there-
waves,H,, > H or H,, < 0. fore, expect to be positive. At higher latitudes, wheye
If we assume that the wave has downward phase velocitynay exceedw/f due to small values fos’ and larger gra-
(upward energy propagation), we may write = —% — dientsg—‘;’, i, v will be negative and will reinforcé k. How-
ZITM We also utilize the relatior% = —TT/ and apply  ever, it is possible at low latitudes, Whe%?/ is increasing,
Eq. (20) and Eq. (22) to give that it may cancel and overconigk, so in those cases the
phase could reverse sign by 28But at mid-latitudes, and
190 o / wherever the tidal wind amplitude is decreasing towards the
<?§ - 7/6) poles, or is positive and weak, we expedb be positive.
7 [ 2n N2 1 1 We now need to consider the  term
g_‘: |:_ +i <_ T _>:| =0 (25) [% +i (N? + ﬁ - %)] in Eqg. (26). We consider
NeT [ A 8 2Hy, H some special cases. If the scale heights of the order of

7 km, andH,, is also 7 km (non-dissipating tide), an¢?

| NOt('jcti we r:av? retained altl_ terrlnz, agd h?vet_not ftr;:'is about 1— 2 x 10~# (Brunt-Vaisala period between 5 and
ployed Ihe anetastic approximation. ndeed application o .5 min), then the imaginary component is abeu® to

) e el \ e
anelastic approximation degrades the correlation of Wh'ChG) x 10~°. If the vertical wavelength is short, as with th&
we will discuss shortly. Assuming that varies only slowly mode, say, 25 km, themi.. is about 25 x 10-%. Thus the

Irr;aﬂhs\jsV\C:;Ittz!\ﬁt;#ge,u?r?ti;rir?_% ;’;'!u?ﬁea:rr:; ct)?ttigufrlgl real part dominates by a factor of about 4 to 5. Numerically,
' a ' purely Eq. (26) becomes’ ~ 4 x 103"1;’% x !¢, wherep ~ .19

real. If we definex to equal%k N (vl %_li> then radians, corresponding to a phase difference of about 0.75h.
Hence, in the case of short vertical wavelengths and the
, «N2T | 27 [ N2 1 1 -1 , diurnal tide, the temperature tide and the meridional velocity
TZ ti\—+ v 2 should have similar phases to within an hour or two. Even
' for vertical wavelengths of the order of 50 km, the phase
We need to investigate the sign of For migrating tidal  difference is less than 1.5h. In the case of the semidiurnal
oscillations, the angular frequencyi€, where is the an-  tide, the imaginary term remains as above, but the vertical
gular rotation rate of the Earth, and= 1 corresponds to a Wavelengths are often in the range above 80-100 km, so the
diurnal tide,» = 2 corresponds to a semidiurnal tide, and so real part can become of the order ok6L0~°. Even in this

g 2H, H

gw

forth. At latituded, the Coriolis parameter i§ = 2Qsin@).  case, however, the phase differences are less thaii345
At latitude 8, the wave numbek equals 2n/(2rg cosd), for the diurnal tide, 1.5 h for the semidiurnal tide).
whererg is the radius of the Earth. Hence, Hence, if the tidal vertical wavelengths are moderately
5 short (less than about 80 km for either the diurnal or semi-
@ _ n _ 27) diurnal component), we generally expect that the temperature
f resin(29) oscillations will be almost in phase with the meridional os-

) cillations. This will be true at mid-latitudes and any location
Regarding the terny = £ 5, we will consider primarily where 92 is less than zero in the Northern Hemisphere. In
the first and second order modes. THfemode, for example, the Southern Hemisphere, the same is true at mid-latitudes,
peaks at mid-latitudes, and falls away towards the poles, ands well as any place whe% is greater than zero (the sign
possibly the equator. A crude estimate of the typical magni-having changed as a result of the fact fhis negative in the

tude of this quantity can be found by assuming that the modesouthern Hemisphere).

falls away approximately linearly from about 30 to the We have used the GSWM (Hagan et al., 1999) to check
poles, covering, say, two-thirds of the distance from the equag - assertions. Figure 14a shows a scatter plot of temper-

tor to the poles in the process. Thus the horizontal distanceyre phases vs. meridional wind phases for latitudes from
covered is about one-sixth of the Earth’s circumference, oryp N 1o 50 N, and the correlation is clearly very good.
approximately one Earth-radius. If we consider the situationrpa three main outliers (marked on the graph) arrive from
about half way between the maximum and the poles, therboints at 21N and 52 N. Thus, our theory is well con-

v' is about one-half of the valuelvghere th2e t(|9e MAaxIMIZ€Sfiymed, and supports our observations from our radar, which
— which we will call vy, Then, 550 ~ ;=== 0r  fequently show that the temperature and meridional wind
about%. This is comparable to the expression in Eq. (27), phases match. Figure 14b shows the same calculations for
and, therefore, we must retain this term in all of our calcula-the semidiurnal component, and again the correlation is very
tions. good for these mid-latitude sites, although the scatter is a
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little worse than for the diurnal tide, and there is a meanhanced by the longer wavelengths associated with semidiur-
phase offset. nal tides. From Fig. 7, typical semidiurnal tidal amplitudes

Finally, we should consider the case that the vertical waveShould be in the range of 2-6 K.
length becomes infinite. In this cas% is zero, and the de-
nominator of Eq. (26) is purely imaginary. Substitution of . )
Eq. (20) into Eq. (26) makes it clear that in these cagés, 6 Discussion

should be in phase with the zonal wind, provided that ) . .
1 Our observations of tidal phases are broadly in agreement

2 . . . . .
(N? + % - ﬁ) IS less than zero. A heawly d|SS|pat|ng with expectations, particularly regarding phases. However,
tide could haveH,, less than zero, but this would make this o+ observations show amplitudes as large as 10K and
term even more negative. Only4- becomes very large do higher, whereas our calculations, and the model of Hagan
we expect the phase of the temperature tide to reverse angt al. (1999) suggest that values should be generally less than
shift 180" out of phase with the zonal wind. about 6K for migrating tides. We need to understand why

Hence, the two extreme cases of short vertical wavelength@ur values are this big. As shown, both our results and lidar
(up to 80 km or s0) and infinite vertical wavelengths produceresults (States and Gardner, 2000b) show amplitudes in ex-
temperature phases close to those’adindu’, respectively, — cess of those predicted by the GSWM. We have also demon-
provided thatc > O (Northern Hemisphere). Tides with strated that some earlier rocket examples show similar am-
moderately long wavelengths (greater than 100 km), but noplitudes at lower heights.
infinite ones, may have a phase which lies between those of The only factors which can allow the amplitudes to in-
u’ andv’. Thus, at mid-latitude and higher, we expect the crease, according to our theory in the last section, are in-
phase of the temperature tide to lie between the phases of thereases inv2 or increases im. If the velocity gradient as
meridional and zonal winds. This result is not robust, sincea function of latitude is large and of the correct signcan
it depends on the sign af, but our calculations suggest that be increased by 2—-3 times over our expected values. If, in
it should be true for much of the time. We note that in the addition, N2 increases above our expected value, as it may
graphs for Albuguerque, shown in Fig. 10, there is indeed avhen the temperature gradients become large, we might ex-
tendency for this rule to be followed. Similar results apply pect some local enhancement. However, our large ampli-
for the Clovar radar. Thus, our results are consistent withtudes seem to persist on a continuous basis, so do not appear
expected theory regarding phases. The frequent agreemetu be due to local temporal enhancements.
with the GSWM has also been noted and gives further con- The problem is especially acute in the polar regions. We
firmation that our results are reasonable. cannot currently fully explain these large values. Possible

We should also consider the amplitudes that we have ob&xplanations for them have been offered by Walterscheid
served. If we consider Eq. (27) and Eq. (26), we can de-2nd Sivjee (1996, 2001), Walterscheid (1981) and Hagan et
duce some idea about typical expected temperature ampl@l- (1999). Walterscheid and Sivjee (2001) have suggested
tudes. To begin, consider the diurrii tide, and let us take ~thatzonally symmetric tides may be important, especially be-

T to be 200K N2 to be 2x 104 andH to be about 7 km. cause they are not required to approach zero temperature am-
We will also assume that the terréis and L 2 contribute  Plitude at the poles. Wind fluctuations, on the other hand, are

v 9 . .
approximately equally ta, and that they addvin magnitude bound to approach zero amplitude at the poles. Walterscheid

(requiring thatv’ be decreasing towards the poles). Then (1981), Fritts and Vincent (1987), Liu and Hagan (1998) and

(=2 slllr? from Eq. (27). If we take ~ 40°, then from Liu et al_. (2000) have proposed thatgravity \_/v_ave_modulation
E SIN(29) by the tide may produce an enhanced artificial tide at levels
Eq. (26) we producé” = 3 x 107%..v". Fori, = 25km,  ahove the modulation region. However, it is not clear that
andvy = 20ms*, Ty = 1.5K. Note that this will notapply  this could produce a tidal magnification of a factor of 2 or 3.
for evanescant modes. We might expect values of 2-3 timegher non-migratory tides also need to be considered.
this if the latitudinal gradient of’ is stronger and more neg-  Ajternate mechanisms also need to be investigated. We
ative in the Northern Hemisphere, and somewhat less if thg, 5 e |argely assumed that all temperature tides occur as a re-
Iaﬂtudmal gradient ob’ is positive. Longer wavelengths can ¢ it of adiabatic compression and expansion of air parcels
also increasd’. Thus, we could expect values @' as  \yhich are driven vertically by the tides. The possibility
high as 6-9K in regions with vertical wavelengths of S0KM. st he examined that diabatic processes (possibly associ-
Higher order tidal modes may have larger wavelengths andse \yith chemical heating and cooling reactions) could also

larger values fok. Hagan et al. (1999) seem to suggest that;noquce temperature fluctuations, which either amplify ex-
maximum values should normally be around 6-8 K at 90 KMigiing tides or directly introduce new tidal motions in situ.

altitude (e.g. see Fig. 6, “fall”), and “typical values” should
be of the order of 2-5 K, and these results are not inconsistent
with our theory. 7 Conclusions
For the semidiurnal tide¢ will often be even larger than
for the diurnal tide, especially due to thé dependence in In this paper, we have presented the underlying theory which
Eq. (27). The temperature fluctuations will be further en- permits meteor radars to be used to determine temperature
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tides in the altitude region around 90 km. The following those that dominate the temperature tides, and this ac-
points are noted. counts for the fact that the diurnal temperature tides and
the wind tides have quite different phases for the diur-
nal component. This is consistent with observations of
Walterscheid and Sivjee (2001), who have recognized
that zonally symmetric tidal modes must have velocity
fluctuations which approach zero at the poles, but that
there is no similar constraint on the zonally symmetric
temperature tides; thus, zonally symmetric temperature
tides can maintain significant amplitudes right up to the
poles themselves.

1. A*“composite day” approach may be used to determine
diurnal and semidiurnal temperature tides, but impor-
tant corrections are needed to compensate for the fact
that the temperature gradient also varies throughout the
day in a tidal manner. It is also necessary to have in-
formation about the relevant vertical wavelengths in or-
der to apply this procedure. These values must be ob-
tained from meteor winds. Results obtained without
this temperature correction generally overestimate the
amplitudes by about 20%, and can result in phase er-
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