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Tell me where and when, can I tell you 
your Na?
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Prediction 
and model, 
why?

• AO developments are often using one number of return flux for LGS, with some boundaries.

• Short-term, medium-term, long-term evolutions not much integrated. Partly due to lack of data in the AO 
instrumentation community.

• Instruments developments take 10+ years, with then operation for 15+ years. Long-term variations are 
important.

• Optimisation of night planning knowing the possible return flux in coming weeks/months.

• Observatories at different locations on Earth; need to consider also this parameter.

• Can we develop a SW program to predict the Na column abundance and its standard deviation as a function of 
the following parameters:
• Latitude, longitude.
• Day of the year.
• Year (capture the influence of the Sun cycle; climate change? Other effects?).



• Mix of data found:
• From observatories: GALACSI/GRAAL + LPC, Haguenauer+ 2022, Paranal; Neichel+ 2013, Gemini, Cerro 

Pachón. 
• From LIDARs: Simonich+ 1979, São José dos Campos, Brazil; ALO sodium Lidar, Cerro Pachón.
• From atmosphere studies: SCIAMACHY (Scanning Imaging Absorption Spectrometer for Atmospheric 

Chartography); Langowski+ 2017; Andrioli+ 2019.
• From atmosphere models: WACCM (Whole Atmosphere Community Climate Model).
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Desperately 
seeking data 
@ 23S



• SCIAMACHY (SCanning Imaging Absorption spectrometer for 
Atmospheric CHartographY) instrument on ESA’s environmental 
research satellite ENVISAT. Measurements twice per month for a 
full day each, between 75km and 150km.

• Langowski model based on SCIAMACHY, GOMOS and OSIRIS 
satellite data. 
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Satellite Data
Day of the year



• Important database of LIDAR data exists. Publicly available.
• Very different locations on Earth.
• But time coverage and frequency of measurements very variable between locations.
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Lidar
Day of the year



LIDAR data
• ALOMAR: Covering a good range of time, but only 

few measurements.
• ARECIBO: Covering a good range of time, but only 

few measurements.
• UCB: Good amount of data, but not covering a big 

range of time. Not enough time range to fit a Sun 
cycle.
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Data 
coverage?

Day of the year



• Yearly semi-empirical model from Langowski+ 2017. Global level of the 
model adjusted to reflect the global one of Paranal each year. Comparison for 
three complete years of Paranal measurements:

• 2018: similar evolution but Paranal trend in advance of phase to the 
model.

• 2019: increase of the Na coherent with the model but decrease starting 
earlier.

• 2022: good match.

• There might be other effects in the atmosphere leading to these phasing 
differences.
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Yearly 
modeling
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Sun cycle 
and Na?

But does the Sun cycle really influence the Na layer or not?
Clemesha+, Geophysical Research Letter, 1992. 

Lidar data: 1972-1987
• No measurable solar cycle effect.

Clemesha+, J. of Atm. and Solar-Terrestrial Physics, 1997. 
Lidar data: 1972-1994

• 10-year solar cycle effect on the change of centroid height with an 
amplitude of 170+/-110 m.

Clemesha+, Adv. Space Res., 2003. 
Lidar data: 1972-2001

• Negligible amplitude for an 11-years fit on the centroids data.
• Important month to month variations of the centroid heights, but 

no long-term trend.

Clemesha+, J. of Geophysical Research, 2004. 
Lidar data: 1972-2001

• Fit with 7- and 14-years harmonics, with amplitudes of 182+/-95 m 
and 145+/-94 m.

Clemesha+, J. of Atm. and Solar-Terrestrial Physics, 2006. 
Meteor radar data: 2000-2005

• Evolution of height distribution of meteor trails shows an 11-years 
trend, amplitude of 540 m.

B. R. Clemesha et al. 1674 

m1 
70 75 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA80 85 90 95 

Year 

Fig. 1. (a) Monthly means of the sodium layer centroid height 

for 1900-2200 LT. The continuous line represents the fitted 

linear and IO-yr trends; (b) h-month running means of the 

sunspot number. 

shown in Fig. l(a). The points prior to 1987 in this 

figure are not identical to those shown in our earlier 

paper because the original data were re-analyzed, 

rejecting some of the most noisy profiles. Also shown 

in Fig. l(b) is a least mean squares fit of the function 

h = h,+aT+bcos (27rT/lO- To), where h is height in 

km and T is time in years. The regression analysis 

gives values of - 37 f 9 m yr-’ for the linear trend, a, 

170 + 110m for the amplitude of the IO-yr cycle, b, 

and 1979.5 for the zero phase of the oscillation in peak 

centroid height, To. In the same figure we show 6- 

month running means of the sunspot number, with 

maxima in September 1979 and October 1989, 3 

months after the maxima in the centroid height. 

The fact that the time interval between recent sun- 

spot number maxima appears to have been closer to 

IO-yr than the long-term average of 11, led us to fit 

our data to a IO-yr. rather than 1 I-yr oscillation. 

In Clemesha et al. (1992a) we suggested that the 

observed decrease in the height of the sodium layer 

could be a result of long-term cooling of the upper 

atmosphere resulting from an increase in the con- 

centration of greenhouse gases. It was suggested that 

the cooling would result in a decrease in height of the 

isobaric levels, leading to a decrease in the height of 

the meteoric ablation source of the layer. If this is the 

case then it would be expected that the change in the 

layer should consist of a simple downwards dis- 

placement of the entire profile, without change in its 

shape. To investigate this point we have examined the 

average height distribution of sodium for 1972-1982 

and 1984-1994. Since these periods each comprise 

one complete solar cycle, sunspot cycle effects should 

cancel out and only profile changes associated with 

the long-term trend should be apparent. Since the 

long-term calibration of the lidar sensitivity is not very 

reliable, all profiles were normalized to a constant 

total abundance before calculating the averages. The 

results of the analysis are shown in Fig. 2. It is clear 

from this figure that the lowering of the layer centroid 

is not simply the result of a shift of the entire profile, 

but involves the growth of a bulge on the bottomside 

of the profile. 

We have also investigated the changes in the vertical 

distribution of sodium associated with the sunspot 

cycle. To do this we calculated average profiles for the 

negative and positive halves of the IO-yr cycle, i.e. 72- 

77. 82-87 and 92-94 for the negative phase, and 77- 

82 and 87-92 for the positive phase. The results of this 

analysis are shown in Fig. 3. Again, the change is not 

the result of a simple shift in the entire layer and the 

bottomside bulge is evident for the negative phase. 

The observation that both the long-term and IO-yr 

cycle changes in the height of the sodium layer are 

associated with changes in the shape of the layer, 

rather than a simple vertical displacement of the whole 

profile, raises the question as to whether a lowering of 

the layer, unconnected with the long-term or lo-yr 

trends, is always associated with the formation of 

a bulge on the bottomside of the layer. The great 

variability of the atmospheric sodium layer makes it 

obvious that a consistent effect should not be expected 

in the changes occurring between individual monthly 

averages, but we can compare the average profiles for 

layers whose centroids are, respectively, above and 

below the combined long-term and lo-yr trend. In this 

way we eliminate the effects that have been identified 

with the detected trends. leaving only any residual 

effect, unrelated to the long-term and IO-yr trends. 

The results of this analysis are shown in Fig. 4. from 

which it can be seen that lower layers are again associ- 

ated with the appearance of a bulge in the bottomside 

of the layer. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

DISCUSSION 

The long-term decrease in the centroid height of the 

atmospheric sodium layer measured over the period 

197221994 is 37+9myr-‘, as compared with the 

value of 49 + 12 m yr- ’ determined from the data for 

the period 1972-1986. The apparent decrease in the 

rate of change could be partly due to the fact that the 

earlier analysis did not separate a solar cycle compon- 

ent. In the present analysis, covering more than two 
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variation has reduced the scatter in height of the data points, but 
there is still no strong long-term linear trend. A linear regres- 
sion analysis gives a trend of 93+53 meters/decade. An attempt 
to tit an 1 l-year oscillation gives negligible amplitude, showing 
that there is no detectable sunspot cycle component in the cen- 
troid height. This new linear trend is much smaller than that ob- 
served in our earlier analysis of a shorter data series. The lack of 
a solar cycle component is not significantly different from our 
earlier result, since the solar cycle component presented in our 
1997 paper was of low statistical significance in any case. 
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The change in the long-term trend in the centroid height of 
the atmospheric sodium layer is unexpected. The data up till 
1987 appeared to suggest a trend that might be associated with 
global cooling of the upper atmosphere. After that date there is 
an abrupt change, with a group of very high centroids between 
1988 and 1992. Our data is somewhat sparse in this region and, 
for this reason, it did not strongly influence the trend reported in 
our 1997 paper. The centroids from about 1995 on are not 
greatly different from those observed around 1975. The greatly 
reduced trend seen in the extended data set, as compared to the 
strong trend observed in shorter series, strongly suggests that the 
trends we reported earlier are not associated with long-term 
changes in the upper atmosphere. 

Fig. 3 Seasonal variation in the centroid 
height of the atmospheric sodium layer. 

95- 

0 . 
A complicating factor, which could affect the centroid 

height of the sodium layer, is the occurrence of sporadic layers. 
Such layers occur mainly on the topside of the layer, so the pres- 
ence of a sporadic layer will normally increase the centroid 
height. Care was taken in analyzing the data to exclude profiles 
in which sporadic layers were detected. Because the early data 
generally had a rather poor signal to noise ratio, it is possible 
that small sporadic layers were not always identified. It is possi- 
ble that this could have led to a tendency for higher centroids 
before about 1980. On the other hand, the pre-1980 centroids are 
not greatly different to those seen in recent years. The trend ob- 
served from 1972 to 1986, in fact, mainly stems from the low 
centroids seen during the later part of,this period, from 1980 to 
1986. 
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Fig. 4 Monthly average centroids, cor- 
rected for seasonal variation, together 
with linear trend. 

In our 1997 paper we analyzed the long-term changes which 
had occurred in the shape of the sodium layer, showing that the 
decrease in centroid height observed up to 1994 appeared to have 
resulted from a change in the form of the layer, rather than a 
simple displacement of the entire layer. On the basis of this we 
suggested that the observed trend might be the result of a long 
term change in the phase of the diurnal and semi-diurnal tides, 
which have been shown to strongly influence the sodium layer 
(Batista et al., 1985, Clemesha et al., 2002). In view of the fact 
that the extended data set analyzed here no longer shows a sig- 
nificant trend in the centroid height, it is worth taking another 
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Fig. 5 Average Na profiles for 1972-1986 
(closed circles) and 1987-2001 (open cir- 
cles) respectively. 

look at the layer shape. To this end we have averaged our normalized monthly mean sodium profiles in two 
groups: 1972 to 1986, and 1987 to 2001. Since we do not have data for all months, the averages are effectively 
centered on July 1979 and June 1995. The results are shown in Figure 5, where the normalized sodium density is 
plotted on a logarithmic scale as a function of height. Over most of the height range the average profiles are al- 

This has been graphically illustrated by our sodium
layer centroid measurements (Clemesha et al., 1992,
1997, 2004) which taken in small doses suggested a
significant long-term trend, but after 30 years
showed an almost negligible effect. In Fig. 6 an
11-year oscillation has been fitted to the daily
centroid heights and we also show the variation in
the F10.7 solar flux. The fact that this curve fits the
long-term variation quite well, and is quite similar
to the F10.7 flux variation, suggests that we might
indeed be seeing a solar cycle effect. The peak of the
fitted curve occurs at around 2001.7, quite close to
the observed peak in sunspot number, and the peak-
to-peak 11-year excursion would be 540m.

All the analysis presented above has been based
on daily mean meteor echo centroid heights. As
stated earlier, we used 24-h means in order to avoid

any effects of the diurnal variation in meteor
ablation height. That there exists a strong 24-h
variation can be seen from Fig. 7, where we show
the mean diurnal variation in the centroid height of
the meteor echo distribution, calculated for all the
December data for the years 1999–2004. From this
figure it is clear that there is a strong diurnal
variation with a broad maximum between 0500 and
1400 UT and a minimum at about 2200 UT. This
variation is mainly the result of the variation in the
velocity distribution of incoming meteors. At 0600
LT the Earth’s apex motion is closest to the local
zenith, so the velocity of incoming meteors is a
maximum; at 1800 LT the opposite is true. These
local times correspond to 0900 and 2100 UT,
respectively. Clearly this effect depends on the angle
between the Earth’s apex motion vector and the
local zenith, which depends on both the time of day
and the day of the year. To further investigate this
effect we have computed the monthly mean centroid
heights, at hourly intervals for each month of the
year of 2004. We then plotted these against the
corresponding elevation angles of the Earth’s apex
motion vector. The results of this analysis are
plotted in Fig. 8, from which it can be seen that the
centroid height changes by more than 3 km as we go
from !901 to +901. Note that each point in Fig. 8
represents the centroid of a large number of
individual meteor heights—about 10,000 for angles
in the region of 901 and 1000 for angles nearer to
!901. A closer examination of Fig. 8 suggests that
for angles greater than 201 the centroid height is
nearly independent of the angle. In Fig. 9 we have
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Fig. 5. Monthly mean centroid heights, 2000–2005 with fitted

annual, semi-annual and linear trend.
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Fig. 6. Monthly mean centroid heights, 2000–2005 with fitted

11-year trend. The bottom curve is the F10.7 cm flux.
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Fig. 7. Mean diurnal variation in meteor echo centroid height for

the month of December.
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oscillations are not related to the solar cycle. In any case, the
average Lyman-a fluxes over the periods 1972–1986 and
1987–2001 were essentially the same: 4.5 ! 1011 and 4.7 !
1011 photons cm"2 s"1, respectively [Tobiska et al., 2000],
so solar cycle effects should have had a negligible influence
on the averaged lidar profiles in Figure 2.
[21] Finally, we consider the question of whether changes

in the dynamics could offset the effects considered above.
For instance, a change in turbulent mixing (parameterized as
the vertical eddy coefficient, Kzz) might occur if the gravity
wave spectrum originating from lower in the atmosphere
were to change. To show the effect of this, we consider two
cases where Kzz is halved and doubled, at all heights
between 65 and 110 km. (Note that these changes in Kzz

would correspond to the same change in the energy dissi-
pation rate, e, since Kzz = 0.8 e/wB

2, where wB is the Brunt-
Vaisala frequency). As shown in Figure 8, changing Kzz has
a significant effect on the Na layer. The 4-fold increase in
Kzz leads to a decrease in the Na column density by a factor
of 1.59, because of more rapid downward transport of the
ablated Na into the middle mesosphere. The scale heights
on the top and bottom of the layer also increase significantly
with greater vertical mixing. The fact that we observe no
change in the scale heights makes it clear that changes in
eddy diffusion of this magnitude could not have occurred.
When Kzz is doubled, the centroid height decreases from
92.4 to 92.1 km. This is mostly caused by increased
concentrations of atomic O below 85 km, resulting in more
rapid conversion of sodium reservoir species into Na (see
Figure 4). The O has been transported more rapidly down-
ward from above 90 km. In contrast, when Kzz is halved,
there is much less effect on the atomic O profile and hence
the underside of the Na layer (Figure 8). The centroid height
only increases 0.1 km. Even a tenfold reduction in Kzz

leaves the centroid height essentially unchanged. Therefore,
while an increase in vertical mixing causes the centroid
height to decrease, the reverse is not the case. There is
therefore little potential for a change in vertical mixing to
offset the potentially large decrease in the centroid height
over the last 30 years that would have arisen from the
reported atmospheric cooling rates of around 5 K decade"1.

[22] In summary, the lidar data show a centroid height
change of "9.3 ± 5.3 m yr"1. Over the 15 years that
separate the two average profiles, the upper limit to the
decrease in centroid height is therefore 219 m. This would
be explained by DT = "1.5 K, which should be increased by
"0.65 K to take account of the offsetting effect of increasing
CO2 and H2O levels. Hence the upper limit to the temper-
ature change in 15 years is "2.1 K, or "1.4 K decade"1.
The corresponding lower limit is "0.7 K decade"1, and our
best estimate of the cooling trend is close to 1 K decade"1.

4. Discussion

[23] Our analysis of the sodium layer observations made
over a period of 30 years at São José dos Campos, together
with the model calculations presented above, suggests that
any long-term negative trend in atmospheric temperature in
the MLT region over the past 30 years has not been greater
than about 1.4 K decade"1. This is of the same order of
magnitude as the trend obtained by Akmaev and Fomichev
[2000] in their model calculations for the effect of the
observed increase in atmospheric CO2. Thus our results
are not inconsistent with model calculations. They are,
however, inconsistent with many of the published experi-
mental studies, which, as described in the introduction,
often show trends much larger than those predicted by the
models. As an example of this we can take the recent re-
analysis of the rocket data from Thumba (8!N), by Beig and
Fadnavis [2001], which gives a trend that varies from zero
at 20 km to "5.5 K decade"1 at 70 km, the maximum
height for which the rocket data was analyzed. Clemesha et
al. [2002] estimate that this trend would correspond to
a subsidence of the constant density levels by about
0.7 km decade"1 at 90 km, which is much larger than the
minimum change detectable by our lidar measurements.
Dunkerton et al. [1998] have analyzed rocketsonde data
from a number of low-latitude and midlatitude locations,
from 8.6!S to 37.5!N, where regular launches were made
between 1963 and 1991, and found an average trend of

Figure 7. Monthly sodium layer centroid heights, 1972–
2001. The smooth curve is a fit of 7- and 14-year
components.

Figure 8. Modeled height profiles of the atomic Na layer
showing the effect of changing the vertical eddy diffusion
coefficient, Kzz, by a constant factor between 65 and 110 km.
Conditions: January, 23!S, averaged between 1900 and
2200 hours local time.
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seasonal variations could thus lead to false trends in the av- 
eraged values. There is, in fact, a strong diurnal variation 
in the centroid height of the sodium layer at our latitude 
[Clemesha et al., 1982, Batista et al., 1985] and a smaller, 
but significant, seasonal variation has also been detected 
[Clemesha et al., 1992]. Such effects are, indeed, likely 
to affect our analysis because, for example, our measure- 
ments were restricted to nighttime before 1980, whereas 
some daytime measurements were made in later years. 

There are two ways of dealing with the sampling prob- 
lem: 1) use mean diurnal and seasonal trends to com- 
pensate the measurements for such variations; 2) analyze 
only data for a given time of day. To implement the first 
technique we adjusted our hourly average sodium profiles 
to the mean diurnal and seasonal trends shown in Fig- 
ures 2 and 3. The diurnal variation is based on a total of 59 
days of 24-hour measurements made between the months 
of April and November. The use of a single average diur- 
nal variation to adjust all data is justified by the fact that 
our 24-hr. measurements do not show a significant sea- 
sonal change in the diurnal variation of the centroid. The 
possibility that our diurnal variation may not be valid for 
the months of December through March is unimportant, 
because the measurements used in the analysis for this 
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Fig. 2. Average 24-hour variation in the sodium layer 
centtold height. 
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Fig. 3. Annual variation in the sodium layer centroid 
height based on: (a) diurnally adjusted data (left hand 
y-axis); (b) data for !900-2200 hours only (right hand y- 
xis). 

part of the year were all made during the hours of dark- 
ness, when the centroid height shows only a small vail. 
ation. The adjustment involved a height displacement of 
each hourly profile by an amount equal to the difference in 
centroid height between the corresponding hourly average 
and the diurnal mean of the 24-hour measurements. After 
making this adjustment, daily mean centroid heights were 
calculated for the 710 days for which good quality data are 
available. These daily mea•ns were then used to dererin 
the annual trend plotted in Figure 3. The annual trend was 
subsequently used to remove the seasonal effect from tM 
monthly mean centroid heights determined from the daily 
means. The results of this analysis are shown in Figure 4. 
As can be seen from this figure, removal of the diurnal 
and seasonal trends decreases the scatter in the monthly 
means. It also decreases, but by no means eliminates, the 
long term trend, which now becomes 49-+-12 m yr -•. 

YEAR 

Fig. 4. Seasonal and diurnally adjusted monthly rnea• 
centroid heights. 

We have also tried the second technique by ana/yzing 
only those profiles obtained between 1900 and 2200 hours. 
Restricting the data set in this way resulted in • number • 
of months containing data from one day only; such months 
were excluded from the analysis. The monthly mean cen- 
troid heights for 1900-2200, shown in Figure 5, indicate • 
linear trend of 55-t-13 m yr -•. This value is in good agree- 
ment with that obtained from the seasonally and diurn•y 
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Fig. 5. Monthly mean centroid heights for 1900-•2'• 
hours. 
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• Fit including annual, semi-annual, and Sun cycle effects:

!"#$% = ' + ) *+, + - cos(234 + 45) +7 cos(434 + 49)
• With F30 the 30 days moving average of the solar radio flux at 

F10.7cm (in FSU).
• Fitting gives a relative sensitivity to the Sun cycle of 16.5% per 100 

SFU.
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Sun cycle 
effect.

Day of the year



• Can we derive the Sun cycle effect into a model for the Paranal 
latitude with a shorter time coverage?

• Paranal and SCIAMACHY data for 23S combined.

• Same model for the fit as the CSU+USU data. Weights for fitting 
between high and low Na adjusted due to incomplete Sun cycle.

• Fitting gives a relative sensitivity to the Sun cycle of 9% per 100 
SFU (45% per 100 SFU if fitting SCIAMACHY only).

11

Sun cycle 
effect 
@Paranal 
latitude

Day of the year



Conclusions

12

Na density can be retrieved from AO telemetry data. Automatic logging allows generating a very 
good dataset.

More data sets available from other observatories, LIDAR measurements, Earth atmosphere 
observation satellites. But it is not always easy to combine the datasets and be sure they compare.

Annual and semi-annual models in good agreement with measurements, available for all latitudes.

Sun cycle influence found in some data set around the world, but not much reported and 
quantified.

Computed Na column abundance matches atmosphere studies:
Seasonal variations linked to temperature
11 years cycle correlated to Sun activity
Semi-annual variations linked to dynamic and chemistry of the Mesosphere

Many more effects can affect the Na density: Meteor showers, gravity waves propagation in the 
atmosphere, sudden stratospheric warmings, anomalies in the Earth magnetic field, global 
warming, ... .

Statistics of Na density available for development of future instruments.



Thank you!

This is the LGS way...


