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Abstract

A sodium lidar, capable of measuring temperature in the 80–100 km region, has been in operation at São José dos Campos (23� S, 46
W) since March 2007. Good quality data have been obtained for late autumn, winter and spring, but weather conditions make it extre-
mely difficult to make measurements from mid-November to mid- February. We find the temperature structure to be strongly modulated
by tides and gravity waves, but average profiles typically show a primary mesopause height close to 100 km with temperatures around
180 K, and a tendency for a secondary minimum of about 185 K to occur close to 90 km. Vertical temperature gradients greater than
50 K/km are sometimes seen even on profiles averaged over several hours. The strongest gradients are always positive and are frequently
associated with strong gradients in sodium concentration. On the other hand, we frequently see rapid changes in the temperature profile,
suggesting that models and non-local temperature measurements, as made by satellite radiometers, for example, are of little use in appli-
cations such as the analysis of gravity wave propagation seen in airglow images.
� 2010 COSPAR. Published by Elsevier Ltd.
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1. Introduction

Lidar measurements of atmospheric sodium were pio-
neered by a number of workers at the Radio Research Sta-
tion, Slough (now the Rutherford Appleton Laboratory) in
UK (Bowman et al., 1969; Gibson and Sandford, 1972).
The same workers were also the first to measure tempera-
ture via determination of the Doppler broadening of the
sodium D2 line (Gibson et al., 1979). The first accurate
measurements of the mesopause region temperature profile
appear to have been made by Fricke and von Zahn (1985)
at Andoya, followed by She et al. (1990) at Colorado State
University. Since that time temperature measurements
have also been made using potassium instead of sodium
(von Zahn and Hoffner, 1996) and the alternative tech-
nique of the iron-Boltzmann lidar has been implemented
at polar latitudes by Gardner et al. (2001) and at Arecibo
by Raizada and Tepley (2002).
0273-1177 � 2010 COSPAR. Published by Elsevier Ltd.
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2. Instrumentation

At INPE, São José dos Campos (23� S, 46� W), we have
been making measurements of atmospheric sodium since
1972 and temperature in the 80–100 km region since early
2007. Our lidar transmitter generates the required 589 nm
emission by mixing the 1064 and 1319 nm outputs from
two pulsed NdYag lasers, seeded by diode-pumped CW
NdYag oscillators, as shown in Fig. 1, a technique first
used by Kawahara et al. (2002) in their Syowa lidar. Wave-
length control is achieved by thermally tuning the seeders,
the temperatures of which are controlled by thermoelectric
heater/coolers, each of which is in a feedback loop with a
temperature sensor. To measure atmospheric temperature
we alternate the laser wavelength between the D2a peak
and the crossover minimum between the D2a and D2b
peaks by tuning the 1064 seeder, the 1319 laser being left
at a fixed wavelength. Long-term drift in the laser frequen-
cies is taken care of by making multiple scans through the
D2 lines at the start of every data run and using the signal
returned from the Na layer as a reference. We normally
find the drift in wavelength to be negligible except when
 Elsevier OA license.
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Fig. 1. Narrow-band tunable pulsed laser for 589 nm.
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the laser has been recently re-aligned. It is estimated that
we can set the 589 nm output wavelength of the system
to an accuracy of ±50 MHz. The thermal time constant
of the seeders is such that it takes 40 s to switch wave-
lengths. We normally take 250 shots at the D2 peak fol-
lowed by 750 at the crossover wavelength at 10 pps, so
that a complete measurement cycle can be made in 3 min.
Using high quantum efficiency Hamamatsu photomultipli-
ers we typically count around 1000 pulses per 300 m height
interval from the peak of the Na layer. We normally sum
the signal over 5 height intervals in order to minimize the
statistical fluctuations in the photon counts. The tempera-
ture is derived from the ratio of the relative Na scattering
cross-sections at the two wavelengths, due allowance being
made for the difference in the lidar beam extinctions. Vari-
ations in the transmission of the lower atmosphere and the
laser pulse energy are taken into account by normalizing
the lidar return to the Rayleigh scattering from 40 km.
Variations in the sodium layer occurring between the on-
line and off-line measurements are largely eliminated by
interpolating the data at fixed times using a 3-point inter-
polation routine. This means that independent data points
are 9 min apart and that only third order and above varia-
tions will affect the derived temperatures. In practice such
variations are rare, even in the presence of sporadic layers.
We estimate the absolute error in our temperature mea-
surement in regions of high sodium concentration to be
±5 K. The absolute sodium concentration is determined
by comparing the resonant scattering from the sodium
layer with the Rayleigh scattering from around 40 km.
We estimate the absolute accuracy of the measured sodium
concentration to be about ±10%, and the relative error of
the time/height – averaged profiles is about 2% at the peak
of the layer. The �100 MHz bandwidth of the laser emis-
sion, measured using a high finesse 2 GHz free spectral
range Fabry Perot interferometer, is taken into account
when computing temperatures. Our lidar configuration is
somewhat unusual in that the basic lidar is aligned horizon-
tally, aimed at a 120 cm flat mirror, making it possible to
steer the beam over part of the sky. A simplified diagram
of the laser optics is shown in Fig. 2 and relevant lidar
parameters are given in Table 1.

3. Results

3.1. Mean temperature profile and seasonal variations

Local cloud cover makes it extremely difficult for us to
operate the lidar in summer. As can be seen from Fig. 3,
which shows the number of nights of data obtained per
month since the start of operations in 2007, we have no
data for January, three nights of data in December and 2
in November. We have reasonably good data coverage
for the rest of the year. Note that all our measurements
have been made at night. Nightly data runs are typically
8 h in duration so multiplying the ordinate scale of Fig. 3
by 8 gives the total data time in hours. The total amount
of data analyzed in this paper amounts to about 1600 h,
involving a total of about 9600 independent temperature
profiles. The annual mean temperature profile is shown in
Fig. 4. The profile shown in this figure is the mean of 11
monthly profiles, equal weight being given to each month.
The error bars in Fig. 4, representing the standard devia-
tions of the daily averages, give an idea of the geophysical
noise in the data. The mean mesopause temperature is
180 K, just below 100 km, and there is a secondary meso-
pause at 89 km with a temperature of 185 K. The temper-
ature rises rapidly above 100 km, reaching 200 K at
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Fig. 2. Simplified optical layout of INPE lidar.

Table 1
INPE lidar parameters.

Location 23� S, 46� W
Wavelength 589 nm
Pulse energy 50 mJ
Pulse duration 20 nS
Pulse repetition rate 10 pps
Receiver telescope diameter 75 cm
Power aperture product 0.22 W, m2

Height resolution 300 m (1.5 km for temperature)
Time resolution 3 min (9 min for temperature)
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Fig. 3. Nights of data per calendar month, 2007–2010.
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Fig. 4. Annual mean temperature profile for São José dos Campos. The
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Fig. 5. Seasonal mean temperature profiles for São José dos Campos.
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105 km. Lack of sodium prevents us from making temper-
ature measurements above this height. The agreement with
the CIRA annual mean standard atmosphere for 25� S is
surprisingly good, except for the double mesopause which
CIRA does not predict. Seasonal average profiles are
shown in Fig. 5, from which it can be seen that autumn,
winter and spring profiles are quite similar, with only the
summer profile showing a major divergence from the
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annual mean. The seasonal averages are based on month
groupings (2, 3, 4), (5, 6, 7), (8, 9, 10) and (11, 12, 1) for
autumn, winter, spring and summer, respectively. It must
be remembered, of course, that the summer profile is based
on only five nights of data and might not be altogether rep-
resentative of the season. On the other hand, it should be
pointed out that the five individual nightly profiles are
quite similar, all showing a strong temperature inversion
around 95 km. The seasonal variation of the temperature
profile is shown in the form of a contour plot in Fig. 6. This
figure shows the main mesopause at close to 100 km at all
times of the year, but with colder temperatures at the equi-
noxes. The tendency for a double mesopause, with the sec-
ondary minimum about 10 km lower than the primary, is
also more obvious at the equinoxes. Figs. 5 and 6 show that
the temperature structure strongly diverges from the
annual mean in the summer, with a temperature peak of
over 200 K at 94 km. Also in summer, the temperatures
of the primary and secondary mesopauses are about the
same, whereas the 100 km mesopause is always colder dur-
ing the rest of the year.
3.2. Vertical gradients in temperature and Na concentration

In an earlier paper (Clemesha et al., 2010) we showed
that strong positive temperature gradients are related to
strong gradients in sodium concentration. We also showed
that positive temperature gradients are generally stronger
than negative ones, despite the fact that the average tem-
perature gradient is negative in the region in question
(80–100 km). Here we present an analysis of a single night
which shows a remarkable example of this behavior.

In Fig. 7 we show temperature and Na concentration
profiles averaged over 9 min in time and 1.5 km in height
for 2041 LT on November 3, 2009. Despite the height aver-
aging, Fig. 7 shows a temperature increase of 75 K over a
height interval of 1.8 km, indicating a temperature gradient
of more than 40 K/km. We estimate the relative tempera-
tures measured were accurate to approximately ±2.5 K.
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If we deconvolve the temperature profile with the rectangu-
lar 1.5 km effective smoothing function applied by the
height averaging, the gradient increases to 110 K/km. Even
this value is probably an under-estimate since it does not
take into account any variation in the profile over the
9 min time averaging period. At precisely the same height
where this temperature transition takes place there occurs
a very rapid increase in Na concentration. This relationship
between the positive temperature gradient and the Na gra-
dient continues throughout the night, as can be seen from
the contour plots shown in Fig. 8. The coincidence between
large positive temperature and Na concentration gradients
can be seen even more clearly in Fig. 9, where we have plot-
ted the vertical gradients in the two parameters. We can see
from this figure that not only do the heights of the strong
positive gradients in temperature and concentration corre-
spond, but also their detailed vertical motions are almost
identical. Fig. 9 also illustrates the fact that positive tem-
perature gradients are much larger than negative ones.
Although the behavior shown in Figs. 7–9 is an extreme
example, closely correlated strong gradients in temperature
and Na concentration are a common occurrence in our
data, as is the predominance of large positive (as opposed
to negative) temperature gradients. To show that this latter
is the case we have calculated the occurrence frequency of
vertical temperature gradients as a function of the gradient.
The results of this analysis for all the data obtained during
the year 2009 are shown in Fig. 10. The fact that this his-
togram is skewed towards high positive gradients makes
it clear that the predominance of strong positive gradients
is a regular characteristic of our measurements. This can be
seen more clearly in Fig. 11, where we plot the ratio of
positive to negative gradients as a function of the magni-
tude of the gradient. For small gradients negative values
predominate, but for gradients greater than about 15 K/
km the occurrence of positive gradients increases to an
approximately asymptotic value of 2. In other words,
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strong positive gradients are about twice as likely to be
encountered as strong negative ones.

With respect to our observation of large temperature
gradients coincident with strong gradients in sodium
concentration, it might be thought that the fact that our
on-line and off-line sodium measurements are made a few
minutes apart could lead to false temperature gradients.
This might happen in the presence of large and rapidly
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changing sodium concentrations, as could occur in the
region of a sporadic sodium layer, for example. There are
a number of reasons to reject this possibility. Firstly, as
explained earlier, we interpolate our concentration mea-
surements at fixed coincident times with a second-order
fit using three points at a time. This means that both linear
and quadratic variations of Na concentration with time
will be compensated by the interpolation process. Sec-
ondly, the coincident temperature and concentration gradi-
ents are often maintained for long periods of time, and thus
involve quite slow temporal variations in Na concentra-
tion. In view of these considerations we can see no way
in which the observed temperature gradient could be a
measurement artifact.

4. Discussion

The annual mean temperature profile shown in Fig. 4
shows the same double mesopause feature as seen by Yu
and She (1995) at 41� N. The main difference between
our annual mean and that found by the Colorado State
workers is that the temperatures at our 23� S site are nearly
10 K cooler than at their 41� N location. On the other
hand, our temperatures are roughly consistent with the
CIRA model, although the latter does not show the double
mesopause feature.

Although small, the seasonal temperature variations
shown in Figs. 5 and 6 are surprising. The existence of a
cold summer mesopause for non-equatorial latitudes is well
known, but our data show maximum temperatures in sum-
mer. Furthermore, we see temperature minima at the equi-
noxes, whereas most measurements at similar latitudes
(Takahashi et al., 1994 – 23� S; Friedman and Chu, 2007
– 18� N; Gelinas et al., 2008 – 24� S) show equinox max-
ima. The observations made at Maui, Hawaii (21� N), by
Chu et al. (2005) show little change in mesopause temper-
ature between winter and equinoxes, only July showing a
significantly lower and cooler mesopause than at other
times of the year. It should be pointed out that the Hawaii
observations (based on only six or seven nights of data for
each season) do show a strong double mesopause in sum-
mer and, in this respect, they agree with ours. It must be
admitted that that our summer maximum is based on only
five nights of data, and thus may be atypical, but the equi-
nox and winter profiles are based on many nights of mea-
surement and it is difficult to see how the averages can be
other than representative of their respective seasons. The
main mesopause height is almost constant throughout the
year at close to 100 km. This behavior is rather different
to that seen at Arecibo (18� N – Friedman and Chu,
2007), where the summer mesopause is located close to
100 km, falling to about 96 km in winter. On the other
hand, our observation of a persistent secondary mesopause
at about 88 km is consistent with the two-level mesopause
structure first suggested by Yu and She (1995). Our
summer temperature maximum appears to result from
strong heating, leading to a temperature inversion around
95 km. It is interesting to note that the strongest effect
occurs in November, at which time of the year several other
anomalies have been observed at our latitude. Clemesha
et al. (1992) reported that the Na layer is about 1 km lower
in November than at any other time of the year. Batista
et al. (2004), observed a discontinuity in the phase of the
diurnal tide in November at Cachoeira Paulista (23� S).
It is possible that all these phenomena, heating in the 87–
100 km range, decrease in height of the Na layer and dis-
continuity in the tidal phase could result from changes in
the meridional circulation, leading to strong downwelling
at this time of the year, with associated adiabatic heating.
With respect to the secondary mesopause at around
90 km, however, it should be remembered that all our mea-
surements have been made at night, so that the diurnal tide
could influence our average vertical temperature profiles
(see, for example, States and Gardner, 2000). The fairly
short vertical wavelength seen by Batista et al. (2004) in
the diurnal tidal wind at Cachoeira Paulista, about
100 km from our lidar site, is consistent with such an effect.

As mentioned above, we have commented on the exis-
tence of extremely strong vertical gradients in an earlier
paper (Clemesha et al., 2010). These gradients, although
they generally show downward vertical propagation,
appear to be much stronger than would be expected from
the perturbation due to a simple tide or gravity wave.
The fact that positive temperature gradients (temperature
increasing with height) are generally much stronger than
negative ones, led us to suggest that they occur in regions
of high atmospheric stability, where vertical eddy transport
is inhibited. This suggestion is reinforced by the observa-
tion of large gradients in sodium concentration at the same
height as the temperature gradients. Although the inhibi-
tion of eddy transport would help maintain strong positive
temperature gradients (and both positive and negative gra-
dients in sodium concentration) we are still unable to
explain how gradients as high as 100 K/km form in the first
place. It should be mentioned, here, that positive gradients
of this magnitude have been seen at high latitudes by Fritts
et al. (2004) who commented that they “occur in the con-
text of an unusual summer mesopause circulation and
structure”, and ascribe their formation to “stronger than
normal gravity wave forcing”.

It is interesting to consider the implications of the tem-
perature structure revealed by the lidar measurements.
There is considerable interest in the role played by gravity
waves in the MLT region. It is generally believed that
waves generated in the troposphere propagate up to the
mesopause region where they deposit energy and momen-
tum with major effect on atmospheric structure. Several
workers (Marks and Eckermann, 1995; Wrasse et al.,
2006) have used reverse ray-tracing to estimate the possible
origin of gravity waves seen on airglow imagers. This ray
tracing requires a knowledge of the temperature structure
and winds in the region through which the gravity waves
are propagating. Such studies have invariably used models
such as MSIS and/or reanalysis to model these parameters.
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The large and rapid temperature variations revealed by
height and time resolved lidar measurements such as ours
suggest that the instantaneous temperature structure of
the MLT, needed for realistic ray-tracing, bears little rela-
tionship to model outputs, the use of which will lead to
unrealistic results from the ray-tracing process. It should
also be remembered, of course, that reverse ray tracing
reveals only the possible origin of gravity waves which
might, in fact, originate at any point on the calculated
ray trajectory.

5. Conclusions

Na resonance lidar measurements of the temperature
from 80 to 105 km at 23� S show an annual mean profile
with a double mesopause minimum. The main mesopause
shows a temperature of 180 K at 100 km, and the second-
ary mesopause temperature is 185 K at 89 km.

The seasonal variation in the temperature of the main
mesopause shows minima at the equinoxes and a maximum
in summer. The summer maximum is the mean of only five
nights of measurement and results from the existence of a
strong temperature inversion on all these nights. For this
reason it might not be typical of our location.

The secondary mesopause at around 85 km is present at
all times of the year, although it is more pronounced in
autumn and summer, becoming little more than an inflex-
ion in the temperature profile in spring and winter. Since
our measurements are made only during nighttime, it is
possible that the secondary mesopause is related to the
diurnal tide.

Strong positive temperature gradients up to 100 K/km
are seen to persist from a few minutes up to 8 h. Long-lived
gradients normally show downward propagation. Negative
temperature gradients are always much less pronounced
than the positive ones. Strong gradients in sodium concen-
tration are frequently seen to coincide in height with the
positive temperature gradients.
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