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Diurnal and nocturnal laser radar measurements of
mesospheric sodium density at Sao Jose dos Campos,
Brazil (23 degrees 8, 46 degrees W), show strong
oscillations with 12 and 24 hour periods. Data obtained
in 1981 showed that atmospheric tides, mainly the
vertical wind field, are the major causes of the densgity
variations at a fixed height, thus making it possible to
infer vertical wind parameters over a limited height
range. In this work, 1984 and 1985 data are added to the
earlier 1981 data and the 12- and 24-hour components are
determined for different seasons in order to study the
seasonal variations of the the tides. It is shown that
the amplitudes of the oscillations in sodium density and
consequently the vertical wind amplitudes, in general,
are larger in winter than in &ke other seasons. Above 97
km, the semidiurnal amplitude is larger than the diurnal
in winter, of the same order of magnitude at the
equinoxes and smaller in summer. The phases of the
inferred semidiurnal vertical wind component, above 97
km, show regular propagating characteristics with little
differences between winter and equinoxes, but a confused
pattern in summer. Below 93 km the wavelenghts decrease
from winter to summer. In all seasons, the phage of the
inferred diurnal vertical wind component stays at around
19-23 h bhelow 85 km and above 93 km. The behavior of the
phase of the diurnal oscillation in sodium density
between 85 amd 90 km is quite different in the three
seasons. This is explained by seasonal differences in
the relative phases of the oscillations in vertical wind
and density.
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SEASONAL VARIATIONS IN MESOSPHERIC SODIUM TIDAL ACTIVITY

P. P. Batista, B. R. Clemesha, and D. M. Simonich

Instituto de Pesquisas Espaciais, Sdo José dos Campos, Brazil

Abstract. Diurnal and nocturna! laser radar measure-
ments of mesospheric sodium density at Séo José dos
Campos, Brazil (23°S, 46°W), show strong oscillations
with 12 and 24 hour periods. Data obtained in 1981
showed that atmospheric tides, mainly the vertical wind
field, are the major causes of the density variations at
a fixed height, thus making it possible to infer vertical
wind parameters over a limited height range. In this
work, 1984 and 1985 data are added to the earlier 1981
data and the 12- and 24-hour components are determined
for different seasons in order to study the seasonal vari-
ations of the tides. It is shown that the amplitudes of
the oscillations in sodium density and consequently the
vertical wind amplitudes, in general, are larger in win-
ter than in other seasons. Above 97 km, the semidiurnal
amplitude is larger than the diurnal in winter, of the
same order of magnitude at the equinoxes and smaller in
summer. The phases of the inferred semidinrnal vertical
wind component, above 97 km, show regular propagat-
ing characteristics with little differences between winter
and equinoxes, but a confused paitern in summer. Below
93 km the wavelengtha decrease from winter to summer.
In all seasons, the phase of the inferred dinmal vertical
wind component stays at around 19-23 h below 85 km
and above 93 km. The behavior of the phase of the diur-
mal oacillation in sodium density between 85 and 90 km
is quite different in the three seasons. This is explained
by seasonal differences in the relative phases of the oscil-
lations in vertical wind and density.

Introduction

The atmospheric region .that comprises the upper
mesosphere and lower thermosphere, from approximately.
70 to 110 km, displays a large mumber of dynamical and
photochemical phenomena. The understanding of these
phenomena, as well as their theoretical modeling is of
great importance for understanding the overall atmo-
gphere. Unfortunately, experimental measerements are
difficult in this region: it is too high to be reached by
regular measurements obtained at meteorological obser-
vatories with balloons and rockets and too iow to be cov-
ered by in situ satellite measurements. Therefore differ-
ent methods of measurements, direct or indivect, must be
used.

The horizontal wind field which can be measnred by
radar methods (meteor radar, partial reflection radar,
etc.) is the best described at the moment, but measure-
ments of atmosphetic densities and vertical winds are in-
frequent and difficuit. Sodium ldar, which measures the
sodium concentration from 78 to 105 km, can indirectly
give information about to the propagation of atmospherie
waves in this region by studying the effect of the waves
on the layer.

Among the dynamical manifestations which occur at
the upper mesosphere and lower thermosphere region, at-
mosphetic tides are the more prominent. These tides,
generated by solar energy absorption, mainly by the
ozone and water vapor in the lower atmosphere, reach
large amplitudes at sodium layer heights and thus can be
detected.

The behavior of atmospheric tides in the middle at-
mosphere is known only in a very general way (see the
review by Forbes[1984}, for example}. It is important, at
the moment, to know the details of the seasenal and lati-
tudinal variations, mainly for the less known atmospheric
fields, like the vertical wind and density, especially at low
latitudes.

In a previous paper,Batista ef ¢l.[1985] analyzed so-
dium density data obtained in 1981, which showed strong
oscillations of the layer with 12-and 24-hour periods.
These oscillations were considered to be caused by the
action of the vertical tidal wind in the layer. Batists et
al.[1985] discussed the validity of assuming the sodium
layer as a passive tracer of the dynamical processes at
the £0-105 km region. They concluded that this approxi-
mation is good, since the chemical time constants [Kirch-
koff and Clemeshe, 1983] are large compared with tidal
periods. Also the possible effects of source modulation
and of the Na* ions have been shown to be small. The
photochemical effects appeared to be important only at
the very lower edge of the layer as modeled by Kirchhoff
[1983] and experimentally investigated during evening
twilight by Kirchhoff et ol [1986]. Kwon et ol. {1987]
also showed the presence of very strong semidiurnal os-
cillations in the sodium layer at a mid-latitude station
(Urbana, Ilinois (40°N, 88°W)).

In this work, data obtained in 1984 and 1985 were
added to the 1981 data and grouped according to season
in order to study the seasonal variations of the tides.

Measurements

The laser radar located at Sio José dos Campes, Brazil
(23°12°8, 45°51"W), has heen used to measure the free so-
dium concentration in the 78 to 103 km region since 1972.
The first measurements were reported by Kirckhoff and
Clemesha [1973]. Daytime measurements became possi-
ble after 1981, following considerable improvement of the
observational technique. This made it possible to study
the diurnal variation of the sodium layer [Clemeshe ef
al., 1982 and the nature of the interactions hetween the
layer and the tides.

For the data analyzed here the sodinm density was ob-
tained with a height resolution of 1 km. The time reso-
lution was variable, since each profile was obtained after
a certain number of Iaser shots had been accumulated,
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“but generally profiles were produced at 7.5 or 15-min
interval. Experimental errors in the profiles are propor-
tional to the square root of the counting rate. Gener-
ally, the number of laser shots used to produce a profile
were chosen such that an accuracy better than 10% was
obtained near the layer peak for each individnal profile,
During daytime measurements the number of shots and
the transmitted energy were increased in order to assure
an accuracy similar to that of the nighttime data. Since
we are interested in studying the average characteristics
of variations with 12- and 24-hour periods, over a long
time interval {months), hourly means of all individual
profiles obtained within each one hour period were made.

The data were grouped by. season (equinoxes, winter
and summer) and also the general average was obtained.
Data from May, June, and July were gronped as win-
ter, November, December and January as summer, and
the remaining data as equinox. In practice, it was not
possible to get data during December and Jannary, but
gince the amount of data obtained in November was suf-
ficient to give a reasonable average and this average has
8 behavior different to that for winter and equinox, the
November data were considered separately as represent-
ing summer corditions. In Table 1 we show the number
of days of measurements used in the averages, classified
according to months. It is observed that a considerable
number of data were obtained from April to November.
In Table 2 are shown the number of individual profiles
used to obtain the average hourly values. As can be ob-
served from Table 2, a minimum of 16 and a maximum
of 108 individual profiles were considered for the hourly
means, so that the errors in the average hourly profiles
were reduced from 1/4 to 1/10 of that for the individual
profiles. Cne can observe that a smaller number of pro-
files is obtained near noon and in the early morning, but
only one gap occurred at 1300 LT for summer which was
covered by interpolation,

TABLE 1. Number of Days With Data for Each Month.

Month .
Year J F M A M J J A § O N D
1981 4 10 6 6 2 .
1984 11 6 7
1985 "5 8

"TABLE 2. Number of Profiles in the Houriy Means
Time
00 01 02 03 04 05 06 07 08 09 10 11
30 28 31 28 27 26 30 19 I8 24 28 29
8 89 93 76 51 52 57 45 33 68 82 76
90 45 41 34-37 41 43 32 26 36 50 37
. Time
12 13 14 15 16 17 18 19 20 21 22 23
S 17 0 16 25 26 43 43 37 40 36 35 35 .
W 96 89 96 100 104 102 108 92 80 79 83 87
E 47 41 42 48 64 71 83 79 5% 54 61 57

Note: S(Summer). W{Winter), and E(Equinox)

Mg w

Figure 1 shows contour plots of sodium density as a
function of time (from 0 to 24 hours) and height (from 80
to 105 km). The contours are given in units of 10° .m™3.
Figures 1a-1d refer to equinox, summer, winter, and gen-
eral nverage, respectively. Since the total sodium con-
tent has a very marked seasonal variation at our station
[Simonich et al., 1979], increasing by nearly 50% from
summer to winter for this specific set of data, the general.
average for the sedium density showed in Figure 1d is
somewhat biased toward winter/equinox conditions. To
generate these contours, the data were smoothed by us-
ing a running average of three points in time and three
points in height. Note that the general features of the
variations in all seasons are the same, with a ¢lear semid-
jurnal oscillation at the topside of the layer, a confused
pattern near the layer peak, followed by another semidi-
urnal dominance helow the peak and a dominant divrnal
variation in the lower extremity of the layer. The more
evident difference between the three seasons is the very
regular and apparently dominaat semidiurnal component
at almost all heights during winter. It is also important
to observe that the average variation does not differ sig-

.nificantly from the average variation given by Batista et

al. {1985) when only data from 1981 were used.
12- and 24-Hour Components

In order to study quantitatively the 12- and 24-hour
components of the oscillations shown in Figure 1, a least
mean square fit method is used. At a given height Ay the
temporal variation of the sodium density is approximated
by

Na(ho) = Ao(ho) + AdCho) c0s 2t~ ()]
+ Au(he) con 22t — (o)

Where Ag(hp) is the diumal average density at k = hy,
Ag(he) and A.{ke) are the diumal and semidiurnal am-
plitudes, respectively, and ¢q4(ho) and $,(h) are the
phases of the diurnal and semidiurnal components. Stan-
dard routines given by Bevinglon [1968] were used to de-
termine these parameters. Experimental errors for each
profile were used for weighting the least squares fits and
the errors in amplitude, phase, and amplitude ratios were
determined by using error propagation formulas.

The ratios between the amplitudes A4z/Ay and
A, /Ay are shown in Figures 24 - 24 for equinox, summer, .
winter, and general average, respectively. The more no-
ticeable characteristics present in this figures are (1) the
very large amplitudes below 83 km, (2) the dominance of
the semidiurnal component above 97 km in winter, simi-
lar diurnal and semidiurnal amplitudes in equinoxes and
the dominance of the diurnal in summer, and {3} near
the layer peak, the amplitudes are amall and the relative
behavior of the components is very complicated.

The phases (¢4 for diumal and $, for semidiurnal)
are shown at Figures 3a and 3b, respectively. The gen-
eral characteristics, namely, the height propagating phase
for the semidiumal oscillations and a phase almost fixed
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Fig. 1. Contour plots of the sodium density in nnits of 10° atoms. m™? for (¢) equinox, (b} summer,

(¢) winter, and (d)

HEIGHT {km)

"o

a0

HEIGHT {km}

a0

general average.
EQUINDX TOTAL
T T Ha T T T
(o) ’ {4)
4 7 0ot J
T & DASRNAL = o DIURNAL
© SEMIBIURNAL - * SEMIDILRNAL
4 & so 4
[ ]
T
m -
ICI)O 150 200 ] 0 100 50 200
SUMMER WINTER
L] T L} Ilc L} L] L]
(b}
'E -
« DIUANAL =
° SEMIDKIANAL -
i § 4
frr]
I
H L L 1 L1 ]
O 50 100 150 200 Q 50 100 150 200
AMPLITUDE (%) AMPLITUDE (%)

Fig. 2. Percentage ratios between the fitted dinrnal .amplihldPa AglA, (solid circles) and semidiurnal
Al /A, (open circles) for (&) equinox, (3) summer, (¢) winter, and (d) the general average. The error
bars represent the standard error of the estimate,



Batista et al.: Tidal Sensonal Variations in Sodium &

with height for the diurnal oscillation are maintained for
all seasons. For the semidiurnal case (Figure 3¢), above
=97 km the phase variation is very similar for winter and
equinoxes but differs significantly for summer. This dif-
ference may not be very representative, since for summer
the number of data is small and the relative amplitude of
the semidiurnal component is small in this height range.
The phase inversion occurs between 93 and 96 km for all
seasons. Below 93 km, there is a strong seasonal varia-
tion of the vertical wavelength, with smaller wavelengths
occurring in summer, increasing towards the equinoxes,
and maximizing in winter, ' .

Concerning the diurnal componént (Figure 3b), the
phase stays at around 1600 LT below 85 km for equinoxes
and winter but is very scattered for summer. The phase
change is less abrupt than in the semidiurnal case , oe-
curring from 85 to 91 km. Above 91 km, for summer,
the phase remains at around 0400 LT, but increases with
height for equinoxes and winter.

Discussion

According to the reasoning followed in a previous pa-
per {Batista et al., 1985], the effect of tides in the meso-
spheric sodium layer can be expressed at first approxi-
mation by

An _ AN iT(1dng 1 dNo
ng Nn 27

mrmw)w @)

SEMIDIJRNAL
= SUNMER
00 = * EQUINOX N

= WINTER

(b}

HEIGHT {hm}
Li
K

-
3 -
\w%h
ook -—=-—-:£;:C } - |
1 e R 1 1
3 3 5 Y
PHASE {houe)
e e ——"— b e h
— CIURNAL
n GUMMER

- ECLAINGX

mgg
"_%‘-::;5‘ » WINFER o
’ 1(a)

£

HEIGHT (km)

L.
o 3 G 9 e [ [:] 21
PHASE {hour)

Fig. 3. Phase of the (g} diumal and (b) semidiumal
(b) fitted amplitndes expressed as the hour of maximum
oceurrence of sodium density. Solid circles for winter,
open circles for equinox, and crosses for summer.

Where n and N refer to sodium and atmaspheric den-
sities, respectively. Subscript zero refers to the unper-
turhed state, A to the perturbation; T ia the period of
the oacillation, % is the height, and W is the vertical
wind amplitnde. The analysis of formula (1) leads us
to conclude that at the lower and upper extremities of
the layer the effect of the vertical wind (second term in
(1)) is dominant over the first term. This makes An/ng
follow the phase of W, leading 90° on the topside and
lagging 90° on the bottomside. This 180° phase jump
is observed in both the semidiurnal and dinrnal cases
in Figure 3. Also the general features of Figure 2 are
explained by (1). Near the layer peak the frartional vari-
ation of n is of the same order as that of the atmospheric
density fluctuation, but it increases substantially towards
the borders. It is interesiing to notice that the first term
of the right-hand side of (1}, although not very impor-
tant far from the peak, it 18 important in determining
the height and how fast the phase transition occurs. Not
only the amplitude of AN/N, but also the relative im-
portance of AN/N, and W can substantially alter the
behavior of An/n, near the peak. To show this fact,
we have made a simunlation using (1) with a simple tidal
model which approximately reproduces the ohserved di-
urnal and semidiurnal oscillations, and a modei n, which
is the average sodium density at our station. A constant
value of AN/N,=0.07 both for diurnal and semidiurnal
cases and W=4 cm. s~! and 10 cm.*s~! for the diur-
nal and semidiurnal cases, respectively, were used. The
Tesults are shown in Figures 4g and 43 for the diurnal
and semidiurnal simulation, respectively. We have varied
only the relative phase difference (/@) between W and
AN. In the figure, AN represents the assumed phase for
the atmospheric density perturbation, W1, W2, and W3
the assumed phases for W, and T2 is the fotal effect of
the second term of the right-hand side of {1). One can .
see that in all cases the phase of An tends to follow T2
far from the peak, but the transition near the peak can
occur in a very complicated way, depending on the phase
difference between AN/N, and W. Also the relative im-
portance of AN/N, and W and the shape of the average
profile n, can affect this phase variation near the peak.

The estimated phases are compared with the results of
tidal models by Forbes [19824,4}, which include the sea-
sonal variation. The phases of the vertical wind (honr of
maximum) at 24° latitude for equinox, winter and sum-
mer, taken from a complete tabulation of the idal fields
[Forbes and Gillette, 1982) are shown in Figure 5. Also
shown are the phases of An/ng, displaced —90° above
and +90° below the peak, which should be compared
with W according to the previous discussion., For the
semidiurnal component there is a good agreement be-
tween the model and the inferred vertical wavelength for
the equinoxes (Figure 5a), but there is a consistent phase
shift with the theoretical phase leading the experimental
one by about 1 hour. For the winter, there is a large
phase difference between the model and the data, with
the model leading the inferred phase hy 3-4 hours. De-
spite this hig difference in the relative phase, it is inter-
esting to note that only for winter do both the model and
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the data show the change from a pure downward phase
propagation above 90 km to a situation of a constant
variation with height or even a decreasing phase with de-
creasing height, below this height. For the summer, it
appears that there is a tendency for smailer wavelengths
be dominant at low altitudes. This characteristic is ap-
parent in both the model and the data (Figure 5¢), al-
though there is also the sysiematic phase shift with the
mode} leading the data by a2 hours. It is important to
notice that from 90 to 105 km the experimental phases
do not vary appreciably with season, while for the model
there is a 2-hour difference between winter and equinox.

__ F¥or the diurnal component the lack of vertical down-
ward phase propagation ohserved in the 1981 data anal-
ysia [Batists et ol., 1985] is observed for all seasons. The
phase variation with height above 90 km hardly exists
for summer (Fignre 5f) and has a small upward propaga-
tion for winter and equinox. Below the layer peak there
is some evidence for phase propagation in summer and
winter but not for equinox. The Forbes’ model predicts
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8 lsg
€
s 1t
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Fig. 5. Comparison between the phase of vertical wind at 24° § from Forbes’ model and the inferred
phase using lidar data. (a, ¢, and ¢) represent the semidiurnal phases for equinox, winter, and
summer, respectively, and (b, 4. and f) the corresponding phases for the diurnal case. Solid lines
refer to theory, and dashed lines to the observations.
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a downward phase propagation with small seasonal vari-’

ation and a vertical wavelength of =25-30 km.

Measurements of tidal fields at low latitude are very

scarce. Most of the available data refer to the east-west
or north-south winds ohtained in specific measurement
campaigns usually covering an interval of only a few days.
"These measurements have generally shown a dominamt
8,1 propagating mode with amplitude greater than the
semidiurnal and a tendency for the oscillation to break

at 290 km. Mathews [1976], at Arecibo (18°N) ohserved.

a dominant $;; mode in 2 days of measnrements of the
eastward and southward wind from 85 to 100 km. Similar
results were obtained by Berndrd et al. [1981], who ob-
served the zonal wind at Punta Borinquen, Puerto Rico
{18°N), for periods of nearly 7 days for each season and
concluded that as a rule the diurnal tide was strong and
stable, consistent with the §y; mode. Yet, Vincent and
Ball [1981] mensured the east-west and north-sonth wind
in November and June from 80 to 98 km at Townsville,
Australia (19°8), and observed that for November (sum-
mer) the diurnal oscillation was strong and regular, con-
gistent with the §; ; mode dominance, but for June (win-
ter) the diurnal oscillation was weakened and dominated
by evaneacent modes. Kent et ol [1972] measured the
atmospheric density fluctuations with a lidar from 68- to
100-km altitude at Kingston, Jamaica (18°N), and ob-
gerved oscillations with inferred period of 24 hours and
vertical wavelength consistent with the 5) ; and §, ; tidal
mode. The analysis of a more complete set of data [Kent
and Keenliside, 1975] showed that the 5\ 3 was indeed a
dominant feature in the density field in that height range
and latitude.

Care must be taken in comparing our data with the
previous low-latitude ohservations, becanse they refer to'
different atmospheric fields and latitudes. Although re-

lated to each other, the latitudinal structures of the var-

jous tidal fields are different. For the vertical wind and
density the latitudinal expansions are the Hough func-
tions, while for the east-west and north-south wind there
are different latitudinal expansions [Chepman end
Lindzen, 1970]. Kent and Keenliside [1975] explained
the dominance of the 5, 3 mode at the density field in
18°N (different from the dominance of Sy, in the hor-
izontal winds) on the basis in the existence of a null of
the 51 ; latitudinal expansion in 18°N for the density but
a dominance of this mode for the horizontal winds. For
our latitude 23°8, there is not a null of 5,3, but it is ex-
pected that many propagating modes should contribute
with similar amplitudes, and that the evanescent modes
should also contribute substantially. It is not at all sur-
prising that for an average of various days of measure-
ments, the propagating modes, which are very sensitive
to variations of the source and the conditions of propa-
gation from the lower to the upper atmosphere, tend to
interfere destructively permitting that evanescent modes
atand out.

More recent tidal models [Vial, 1986; Forbes and Ha-
gan, 1088] have given emphasis to the propagation char-
acteristics of the diurnal tide, Jt is shown that the pres-

"ence of mean winds and dissipation can have a strong

effect on the propagation characteristics of the 8§, ; diur-
nal mede, producing significant asymmetries about the
equator during solstice and increasing the vertical wave-
length with height from 80 to 100 km. They also showed
that the null point for the §;; tide can be shifted in
latitude owing to the effect of mean winds. Since our
station is located near this null point, small variations in
the mean winds would result in large differences in the
relative mode domination in the diurnal tide.

Conclusions

The analysis of a larger number of data has confirmed
the existence of consistent oscillations with perinds of 12
and 24 hours in the mesospheric sodium layer. Owing
to the linear interaction between the tidal wave and the
layer, it has been possible to infer the phases of the ver-
tical winds responsible for the variation and the relative
importance of the diurnal and semidivrnal amplitudes.
Separating these data for equinox, winter, and summer,
one can see substantial differences in the amplitudes and
phases with season. Generally, the amplitudes are larger

in winter, a behavior which is not predicted by the Forbes’

'[19824,8] model. For the semidiurnal tide, the agreement

between the theoretical results and the data is satisfac-
tory with respect to the vertical wavelengths, but a con-
sistent phase difference is apparent. The transition from
very long wavelength below to smaller wavelength above
90 km, as predicted by theory is shown by the data.
The difference between the diumal tide predicted by
theory and the present data is remarkable. Part of the
variation of the sodium density, mainly at the very hot-
tom of the layer, may be due to photochemical effects
[Kirchhoff, 1983}, and it would be interesting in a further
step to include this effect in the tidal analysis: Above this
height, the photochemical effect shoud be small, probably -
negligible as compared with the tidal amplitudes.
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