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Abstract. We report the average properties and small-scale
variation features of the mesospheric Na and Fe layers at
30◦ N from extensive simultaneous and common-volume Na
and Fe lidar measurements at Wuhan, China. The annual
mean Na and Fe density profiles are derived in terms of an av-
eraging method taken from an early literature. The mean Na
and Fe profiles preserve the sharp gradients present in most
individual density profiles near the layer bottom. Near the
bottommost of the layers the mean Na and Fe scale heights
are respectively−0.42 and−0.30 km. The mean layer pa-
rameters coincide well with the previous report. The Na and
Fe densities in the lowest several kilometers of the layers
consistently exhibit nearly the same time variations. A clear-
cut distinction between the Na and Fe time variations always
appears in an altitude range near 90 km. A relatively weak
positive correlation between them persistently occurs also in
an altitude range near 100 km. The mean increase and de-
crease rates for both Na and Fe are altitude dependent and
have a single-peak structure. The time constant of the layer
variation is∼0.07–2.0 h for Na and∼0.02–1.7 h for Fe, sug-
gesting that the variability is dominated by small-scale pro-
cesses. However, there is also a slow net increase in each
of the annual mean column abundances (Na and Fe) during
night.
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1 Introduction

Free metal atom layers (Na, Fe, K, Ca, and Li), residing in
the mesosphere/lower thermosphere (MLT) region from 80
to 110 km, have been detected with ground-based lidar for
over 40 years (Bowman et al., 1969). Meteoric ablation is
believed to provide the substance source for the metal lay-
ers. Based on independent extensive lidar measurements,
the average properties and seasonal variations of these lay-
ers have been respectively obtained at many locations (Megie
and Blamont, 1977; Clemesha et al., 1979; Simonich et al.,
1979; States and Gardner, 1999; Plane et al., 1999b; Eska
et al., 1999; Gerding et al., 2000; She et al., 2000; Gardner
et al., 2005, 2011; Yi et al., 2009). Several one-dimensional
gas-phase chemical models corresponding to different metal
species such as Na, Fe, K, and Ca have been respectively
developed to explain these observational results (Helmer et
al., 1998; Plane et al., 1999b; Eska et al., 1999; Gerding et
al., 2000; Plane, 2004; Gardner et al., 2005). All the mod-
els start with the conventional continuity equation, which as-
sume (require) that the meteoric influx for each gas-phase
metal species (e.g., Na or Fe) is balanced by its downward
transport via eddy diffusion and/or net vertical wind under
time-averaged condition. The Na and Fe models among oth-
ers can reproduce some primary features of the normal Na
and Fe layers observed at midlatitudes (Helmer et al., 1998;
Plane et al., 1999b), such as the layer shapes and the sea-
sonal variations in the layer parameters. However, some un-
solved pivotal problems in understanding the entire chain of
processes and reactions resulting to the metal atom layers
are still puzzling us. For instance, how large is the actual
magnitude of the gas-phase metal (e.g., Na or Fe) input flux
from meteoric ablation (as yet there is no direct or indirect
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measurement for the total vertical flux of any mesospheric
metal species produced by meteoric ablation)? What subset
of the mass/velocity/mass density distribution of the entering
micrometeoroids contributes actually to the observed metal
layers? The residence time for a typical metal atom in the
layer is really as long as several days? Clarifying these prob-
lems obviously needs further observational and modeling ef-
forts.

Since the mesospheric metal layers are influenced by input
of gas-phase metal materials from meteoric ablation, chem-
ical reactions, and dynamics, exploring the relationship be-
tween various layers may provide some new insights into the
complicated layer processes. According to the existing li-
dar observations, Fe is the most abundant of the mesospheric
metallic atoms (Bills and Gardner, 1990; Alpers et al., 1990).
This is consistent with the fact that Fe is the main compo-
nent of the meteoric source, whereas the alkali metals are
the minor ones (Heide and Wlotzka, 1995). Among the al-
kali metals, only the Na layer has a typical abundance value
approaching that of the Fe layer (Kane and Gardner, 1993;
Gardner et al., 2005; Yi et al., 2009). Hence a detailed quan-
titative comparison between the Na and Fe layers at a given
site is feasible. Kane and Gardner (1993) compared the Na
and Fe layer data obtained simultaneously by two lidars at a
midlatitude site (40◦ N). They noticed that even though the
individual density profiles appeared quite different, the tem-
poral variations of Na and Fe layer parameters (abundances,
centroid heights, and RMS widths) were highly correlated
in most cases. The simultaneous and common-volume Na
and Fe lidar observations at 30◦ N revealed that Na and Fe
lower boundaries always follow almost the same track and
show consistently a delicate stratification with the Fe lower
boundary being in general slightly higher than or coincident
with that of the Na layer (Yi et al., 2007, 2008). In addition,
the Na layer always shows a few kilometers more extension
on its top side than the Fe layer. These features can be seen
also from a comparison of simultaneously observed Na and
Fe layers at high, mid, and low latitudes respectively (Kane
and Gardner, 1993; Lynch et al., 2005; Shibata et al., 2006),
which may be universal. They provide a connection between
the two different metallic species in the mesopause region.
In this paper, we first derive the mean profiles of the Na and
Fe layers based on the more extensive data from the simul-
taneous and common-volume Na and Fe lidar measurements
at our 30◦ N lidar site. The mean profiles will quantitatively
show the relationship of the two background metal layers. In
contrast to our previous work that only focuses on the rela-
tionship between the Na and Fe layer boundaries (defined by
a given small density criterion) (Yi et al., 2008), here we will
examine the relation between the Na and Fe density varia-
tions at all fixed altitudes over the main metal layer. An in-
triguing ubiquitous connection between the Na and Fe den-
sity variations at fixed altitudes on the layer bottom side is
revealed for the first time. It provides a new clue for under-
standing the basic processes inherent to the meteoric metal

layers. Finally, the mean increase and decrease rate profiles
for the Na and Fe layers are derived to give an insight into
the Na and Fe variability.

2 Observational results

The Na and Fe density data reported here come from the
simultaneous and nearly common-volume Na and Fe lidar
measurements at Wuhan from March 2004 to December
2008. For the purposes of this study, we start from the Na
and Fe photon count profiles with an altitude resolution of
96 m and a time resolution of 5 min (the 5-min photon count
profiles are obtained simply by cumulating the correspond-
ing 4-s profiles when the raw lidar data were collected with
a time resolution of 4 s (Liu and Yi, 2009)). The Na and
Fe density profiles are derived from the corresponding lidar
photon count profiles by using a standard method (Gardner,
1989). The normalization altitude is taken to be 30 km. For
guaranteeing a good data quality, all the 5-min density data
used here are required to have the detection thresholds less
than 200 cm−3 in the entire altitude range of the metal layers
(75–110 km). The sporadic Na and Fe layers are often ob-
served at our lidar site near 30◦ N (Yi et al., 2002, 2007; Ma
and Yi, 2010). They are characterized by a large density en-
hancement in a narrow altitude range and have no clear-cut
relation with the main metal layers. The present study is only
concerned with the average properties and small-scale vari-
ations of the main metal layers, consequently those profiles
containing such sporadic layers have been excluded from the
Na and Fe data. The remaining data represent∼268 h si-
multaneous Na and Fe measurements on 47 different nights.
The 47 nights of the simultaneous Na and Fe data have a
complete month coverage (with at least one night of the data
each month). The data duration per night is larger than 3 h.
Thus, the present data set displays more extensive observa-
tions than that in our earlier report (Yi et al., 2008).

2.1 Mean Na and Fe density profiles

Figure 1 gives two typical examples of the individual 5-min
Na and Fe density profiles on 29 July 2004 and 9 December
2004. Despite the fact that the two pairs of the Na and Fe den-
sity profiles are respectively from summer and winter, some
shared features can be discerned: both the Na and Fe layers
have much steeper density gradients on the bottom side than
on the top side, and the borders of the Fe layer are obviously
steeper than those of the Na layer. In addition, the upper
boundary of the Na layer is a few kilometers higher than that
of the Fe layer, while the lower boundary of the Na layer is
several hundred meters lower than that of the Fe layer. Like
our previous report (Yi et al., 2008), these features are ac-
tually common for most individual Na and Fe density pro-
files obtained from our simultaneous and common-volume
Na and Fe lidar measurements.
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Fig. 1. Simultaneous 5-min Na and Fe density profiles measured at (a) 02:45 LT on 29 July 3 

2004 and (b) 03:05 LT on 9 December 2004. The two examples represent some ubiquitous 4 

features of simultaneously observed Na and Fe layers: the upper boundary of the Na layer is a 5 

few kilometers higher than that of the Fe layer, while the lower boundary of the Na layer is 6 

several hundred meters lower than that of Fe layer. Both the Na and Fe layers have much 7 

steeper density gradients on the bottom side than on the top side, and the borders of the Fe 8 

layer are obviously steeper than those of the Na layer. Note the density criterion is taken to be 9 
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uniformly for both Na and Fe according to their thresholds. 10 
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Fig. 1. Simultaneous 5-min Na and Fe density profiles measured at(a) 02:45 LT on 29 July 2004 and(b) 03:05 LT on 9 December 2004.
The two examples represent some ubiquitous features of simultaneously observed Na and Fe layers: the upper boundary of the Na layer is
a few kilometers higher than that of the Fe layer, while the lower boundary of the Na layer is several hundred meters lower than that of Fe
layer. Both the Na and Fe layers have much steeper density gradients on the bottom side than on the top side, and the borders of the Fe layer
are obviously steeper than those of the Na layer. Note the density criterion is taken to be 30 cm−3 uniformly for both Na and Fe according
to their thresholds.

Now let us derive the annual mean Na and Fe density pro-
files from the∼268 h concurrent Na and Fe density data. We
want to calculate a composite profile that preserves the sharp
gradients present in most individual density profiles. Not-
ing a fact that the altitudes of the Na and Fe layer bottoms
often show considerable displacements on small time scale
(Tilgner and von Zahn, 1988; Yi et al., 2008), an averag-
ing approach developed by Tilgner and von Zahn (1988) is
used here. In this approach, the average calculation is per-
formed by taking a median value instead of the conventional
arithmetic mean because it ignores possible extreme density
value (Tilgner and von Zahn, 1988). The starting point (alti-
tude) and ending point (altitude) of a given (Na or Fe) den-
sity profile are confined by the magnitudes of the detection
thresholds at such points (altitudes). In order to reduce the
detection thresholds, we adopt in this average calculation the
photo count profiles after integration over 15 min, that are
obtained simply by adding three adjacent raw 5-min pro-
files. Thus, the total of∼268 h of simultaneous Na and Fe
lidar data are composed of 1073 pairs of the 15-min Na and
Fe density profiles. In terms of our calculation, the maxi-
mum detection threshold at 110-km altitude is∼67 cm−3 for
all the 15-min Na and Fe density profiles, while the corre-
sponding quantity at 85-km altitude is 40 cm−3. Hence, the
density criteria for the high and low boundaries of the 15-
min Na and Fe density profiles are respectively set to 70 and
40 cm−3. The nightly mean Na and Fe density profiles are
derived following the averaging approach of Tilgner and von
Zahn (1988). The annual mean Na and Fe density profiles
are then deduced from the 47 pairs of the nightly mean Na

and Fe profiles by the same way as that used in deriving the
nightly mean profile. Figure 2 gives the annual mean Na and
Fe profiles derived by the averaging approach of Tilgner and
von Zahn (1988). Note that the profiles have been smoothed
with a running mean over∼1.2 km (12 altitude bins) in alti-
tude. As seen in Fig. 2, the mean Na and Fe profiles preserve
those essential features seen in most individual pairs of the
5-min Na and Fe profiles (e.g., both the Na and Fe layers
have much steeper density gradients on the bottom side than
on the top side, and the borders of the Fe layer are obvi-
ously steeper than those of the Na layer). Hence, the profiles
shown in Fig. 2 represent the actual annual mean Na and Fe
density profiles from the simultaneous and common-volume
lidar measurements at 30◦ N. According to Fig. 2, the Na
column abundance, centroid height and RMS width are re-
spectively 2.8× 109 cm−2, 91.5 km, and 4.1 km, while the
corresponding values for Fe are respectively 7.4×109 cm−2,
88.8 km, and 3.6 km (see Table 1). The values of the col-
umn abundance and centroid height approach those derived
in terms of the conventional arithmetic mean from the more
extensive Na and Fe lidar measurements (including separate
Na and Fe data) at Wuhan (Yi et al., 2009), while the values
of the RMS width are slightly smaller than those given by
Yi et al. (2009). This is caused by the detection threshold
criteria imposed on the layer boundaries.

The Na and Fe density scale heights are calculated based
on the data in Fig. 2 and shown in Fig. 3. For comparison, the
profiles of the background atmospheric scale height and the
natural scale heights (diffusive equilibrium scale heights) for
Na and Fe atoms are also plotted in Fig. 3. As seen in Fig. 3,
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Fig. 2. Annual mean Na and Fe profiles derived based on a total of ~268 hours of  3 

simultaneous and nearly common-volume Na and Fe lidar measurements from March 2004 to 4 

December 2008 at 30N (the averaging method is depicted in text). The profiles have been 5 

smoothed with a running mean over 1.2 km in altitude. Note that the mean Na or Fe density 6 

profile can preserve the sharp gradients present in most individual density profiles near the 7 

layer bottom. 8 
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Fig. 2. Annual mean Na and Fe profiles derived based on a total
of ∼268 h of simultaneous and nearly common-volume Na and Fe
lidar measurements from March 2004 to December 2008 at 30◦ N
(the averaging method is depicted in text). The profiles have been
smoothed with a running mean over 1.2 km in altitude. Note that
the mean Na or Fe density profile can preserve the sharp gradients
present in most individual density profiles near the layer bottom.

Table 1. Parameters of the mean Na and Fe density profiles.

Mean Na Mean Fe
layer layer

Column density (109 cm−2) 2.8 7.4
Centroid height (km) 91.5 88.8
RMS width (km) 4.1 3.6
Peak density (cm−3) 2842 8179
Peak height (km) 91.6 87.1
Halfwidth (FWHM) of the layer (km) 9.8 8.9

both the bottom sides of the mean Na and Fe layers exhibit
very small scale heights (absolute values) with the magni-
tude of the Fe scale height mostly being slightly smaller than
that of Na. In particular, the Na scale height has a minimum
(absolute value) of−0.42 km at the lowest point of the layer,
while for Fe this value is−0.30 km. The magnitude of the
Na scale height approaches that value (−0.4 km) derived by
Tilgner and von Zahn (1988) based on the wintertime Na li-
dar observations at 69◦ N. Note that both the scale heights
on the bottom sides of the Na and Fe layers are obviously
smaller in magnitude than those derived from the conven-
tional arithmetic average (<2 km for Na and<1 km for Fe)
(Plane, 2003). On the layer underside, the magnitudes of
the Na and Fe scale heights both increase rapidly with in-
creasing altitude. On the top side, the Na and Fe layers both
have somewhat larger scale heights than their counterparts
on the underside, which is consistent with the feature seen
from most individual Na and Fe density profiles. The Na
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Fig. 3. Profiles of Na and Fe density scale heights (orange and blue solid lines) as calculated 3 

from Fig. 2. The profiles have been smoothed with a running mean over 1.2 km in altitude. 4 

For comparison, profiles of the atmospheric scale height (black solid line) and natural scale 5 

heights for Na (orange dotted line) and Fe (blue dotted line) atoms are also given. The Na 6 

scale height has a minimum (absolute value) of –0.42 km at the lowest point of the layer, 7 

while for Fe this value is –0.30 km. On the layer upper side, the Na scale height has a value of 8 

~1.06 km at the highest point of the layer, while for Fe this value is ~0.82 km. 9 
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Fig. 3. Profiles of Na and Fe density scale heights (orange and
blue solid lines) as calculated from Fig. 2. The profiles have been
smoothed with a running mean over 1.2 km in altitude. For com-
parison, profiles of the atmospheric scale height (black solid line)
and natural scale heights for Na (orange dotted line) and Fe (blue
dotted line) atoms are also given. The Na scale height has a mini-
mum (absolute value) of−0.42 km at the lowest point of the layer,
while for Fe this value is−0.30 km. On the layer upper side, the
Na scale height has a value of∼1.06 km at the highest point of the
layer, while for Fe this value is∼0.82 km.

scale height decreases from 4.46 km at an altitude of 95 km
to 1.06 km around an altitude of 103 km, while for Fe it de-
creases from 2.74 km at an altitude of 95 km to 0.82 km near
an altitude of 101 km. On the basis of the extensive data from
the simultaneous and common-volume Na and Fe lidar mea-
surements, it can be firmly said that on both the bottom and
top sides of the layer, the observed density scale height (in
magnitude) for Fe is generally smaller than for Na. This re-
sult is coincident with that derived from the less extensive Na
and Fe data (Yi et al., 2008). It is noted from Fig. 3 that on the
top sides of the Na and Fe layers, the observed scale heights
are obviously smaller than their (Na and Fe) natural scale
heights as well as the background atmospheric scale height.
On the layer top side near 102-km altitude, the diffusion for
each metal constituent is believed to be influenced by both
molecular and eddy effects. Molecular diffusion tends to
drive the density falloff of any given constituent to its natural
scale height, while eddy diffusion tends to drive the density
falloff to the background atmospheric scale height (Heinsel-
man, 1999). Therefore, we believe that the altitude variation
in Na and Fe densities on the layer top side must represent
some features of source and/or sink for Na and Fe atoms as
conjectured earlier by Tilgner and von Zahn (1988). On the
bottom sides of the Na and Fe layers, the consistently nega-
tive and small values of the measured Na and Fe scale heights
reflect the significant gradients in the source and/or sink for
Na and Fe atoms on the layer bottom.
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Fig. 4. Distribution of Na and Fe number density scale heights for the layer bottom (ten 3 

consecutive points lowest in altitude) and top (ten consecutive points highest in altitude) from 4 

the 1073 pairs of the 15-min Na and Fe density profiles measured simultaneously on 47 5 
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Fig. 4. Distribution of Na and Fe number density scale heights for the layer bottom (ten consecutive points lowest in altitude) and top (ten
consecutive points highest in altitude) from the 1073 pairs of the 15-min Na and Fe density profiles measured simultaneously on 47 different
nights at 30◦ N.

Figure 4 presents the distributions of the Na and Fe den-
sity scale heights on the layer bottom sides (ten consecutive
points lowest in altitude) and on the layer top sides (ten con-
secutive points highest in altitude), which come from the
1073 pairs of the 15-min Na and Fe density profiles from
the simultaneous and common-volume Na and Fe lidar mea-
surements at Wuhan. Figure 4a exhibits that 94 % and 98 %
of all the Na and Fe scale height values (10 730 pairs) on the
layer bottom side are distributed in a range between−2 and
−0.05 km. As shown in Fig. 4b, 93 % of both the Na and
Fe scale height values on the layer top side lie in a range of
0.15–6 km. Figure 4a and b statistically illustrates that both
the Na and Fe layers generally have evidently smaller den-
sity scale heights on the bottom side than on the top side. In
addition, the distributions of the Na scale height values on
both the layer bottom and top sides are as a whole shifted
towards the large scale height direction (in magnitude) com-
pared with those of the Fe values. The distribution peaks on
the layer bottom sides are respectively at−0.5 to−0.6 km
for Na and at−0.3 to−0.4 km for Fe (see Fig. 4a), while the
peaks on the layer top sides are respectively at 1.2 to 1.4 km
for Na and at 0.6 to 0.8 km for Fe. These results confirm
that the observed density scale height (in magnitude) for Fe
is generally smaller than for Na.

2.2 Relationship between Na and Fe variations at fixed
altitudes

As the first example, Fig. 5 presents the temporal variations
of the Na and Fe densities (5-min resolution) at fixed alti-
tudes between 80.84 and 107.72 km (at every twenty altitude
bins) on the night of 27–28 July 2004, which is based on the

sequences of the Na and Fe density profiles shown by Yi et
al. (2007). For the convenience of comparison, the Na and Fe
density values at each altitude have been multiplied respec-
tively by given constant factors. Thus the Na and Fe densities
plotted in Fig. 5 have the same ceiling (maximum) at each al-
titude. As seen from Fig. 5, the temporal variations of the Na
and Fe densities show an excellent similarity on the bottom-
most layer underside between 80.84 and 82.76 km, particu-
larly on small time scale. At higher altitudes from 88.52 to
94.28 km, the Na and Fe density variations are quite differ-
ent. Above the altitude of 96.20 km, the Na and Fe density
variations display a weak correlation. In order to detailedly
illustrate the similar feature of the Na and Fe variations on
the layer underside, we plot in Fig. 6 the temporal variations
of the Na and Fe densities on the layer underside at every
four altitude bins (0.384 km). As seen in Fig. 6, the Na and
Fe time variations for the lowest 2–3 km (∼28 consecutive
lidar range bins lowest in altitude) of the layers show an ex-
cellent similarity. At higher altitudes, the similarity falls off.
The Na and Fe similarity on the layer bottom side can be
expressed approximately by

nFe(z,t) = c(z)nNa(z,t) zb < z < zs , (1)

wherenFe(z,t) andnNa(z,t) are the Fe and Na densities,c(z)

is an only-altitude-dependent quantity,zb is the altitude of the
layer lower boundary andzs is the maximum altitude where
the density similarity remains. Figure 7 presents the altitude-
dependent correlation coefficient between the Na and Fe den-
sities measured during the night of 27–28 July 2004. The
correlation calculation proceeded from the bottom up, start-
ing at an altitude where more than 20 data points were avail-
able (equivalent to 100 min) in terms of the density criterion
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Fig. 5. Time variations of the relative densities for Na (orange line) and Fe (blue line) 3 

observed at altitudes between 80.84 and 107.72 km (plotted in every 20 altitude bins) during 4 

the night of 28–29 July 2004. Note that the temporal variations of the Na and Fe relative 5 

densities show an excellent similarity on the bottommost layer underside between 80.84 and 6 

82.76 km, particularly on small time scale. 7 

8 

Fig. 5. Time variations of the relative densities for Na (orange
line) and Fe (blue line) observed at altitudes between 80.84 and
107.72 km (plotted in every 20 altitude bins) during the night of
28–29 July 2004. Note that the temporal variations of the Na and
Fe relative densities show an excellent similarity on the bottommost
layer underside between 80.84 and 82.76 km, particularly on small
time scale.

and terminating at an altitude where available data points
were less than 20. Since the maximum detection thresholds
for all the 5-min Na and Fe density samplings on this night
are 13 cm−3 and 5 cm−3, respectively, the density criterion
is uniformly taken to be 30 cm−3 for both Na and Fe. As
seen in Fig. 7, the correlation coefficient is larger than 0.9
in the lowest∼3.2 km of the layer with a maximum of 0.99
at 82.3 km. The Na density exhibits a negative correlation
with the Fe density in a∼2.8 km altitude range centered near
90 km. The large positive correlation occurs again in a higher
altitude range centered around∼97 km. Here we define a
similar variation range (SVR) on the layer underside as an
altitude range where the correlation coefficient between the
Na and Fe densities is greater than or equal to 0.9. As men-
tioned above, the value of the SVR for this summer night is
∼3.2 km.
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Fig. 6. Time variations of relative densities for Na (orange line) and Fe (blue line) observed at 3 

altitudes between 80.84 and 86.21 km (plotted in every 4 altitude bins) during the night of 28–4 

29 July 2004, which display altitude dependence of the Na and Fe time variation relations in 5 

detail. Note that the temporal variations of the Na and Fe relative densities show an excellent 6 

similarity on the bottommost layer underside, and difference occurs at higher altitudes. 7 
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Fig. 6. Time variations of relative densities for Na (orange line) and
Fe (blue line) observed at altitudes between 80.84 and 86.21 km
(plotted in every 4 altitude bins) during the night of 28–29 July
2004, which display altitude dependence of the Na and Fe time vari-
ation relations in detail. Note that the temporal variations of the Na
and Fe relative densities show an excellent similarity on the bottom-
most layer underside, and difference occurs at higher altitudes.

Figures 8 and 9 give an example from wintertime (on the
night of 8–9 December 2004). Like the first example from
summertime (Figs. 5 and 6), the Na and Fe densities on the
winter night also display an identical temporal variation at al-
titudes on the bottommost layer underside (Fig. 9). The sim-
ilarity fades away with increasing altitude. The correlation
coefficient between the Na and Fe densities is plotted versus
altitude in Fig. 10. Although it displays a complicated wave-
like structure in altitude, the essential features still remain
unaltered like the first example: the highest positive correla-
tion appears on the bottommost layer underside; a negative
correlation occurs in altitude range centered near 90 km; a
strong positive correlation arises again in a higher altitude
range (∼100 km). The SVR for this winter night is∼4.6 km.

In order to ascertain whether nearly the same time vari-
ations of the Na and Fe densities on the bottommost layer
underside are ubiquitous, we have surveyed all the 47 nights
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Fig. 7. Correlation coefficient between simultaneously observed Na and Fe densities versus 3 

altitude on the night of 28–29 July 2004. 4 

5 

Fig. 7. Correlation coefficient between simultaneously observed Na
and Fe densities versus altitude on the night of 28–29 July 2004.

of the Na and Fe density data obtained by the simultaneous
and common-volume Na and Fe lidar measurements at our
site near 30◦ N. It is found that out of a total of 47 nights,
40 nights (85 %) have correlation coefficients on the bottom-
most layer underside larger than 0.9. The maximum values
of the correlation coefficients on the bottommost layer un-
derside for the remaining 7 nights range from 0.80 to 0.89
with a mean of 0.86. Noting that the nights with the cor-
relation coefficients less than 0.9 generally have the maxi-
mum detection thresholds close to 200 cm−3, we believe that
the slightly lower correlations for the 7 nights result from
lower lidar signal-to-noise ratios. The statistical result con-
firm that nearly the same time variations of the Na and Fe
densities on the bottommost layer underside are a ubiquitous
geophysical phenomenon. In terms of our calculation, the
SVR for the 40 nights with high correlations on the bottom-
most layer underside varies from 0.2 to 8.5 km with a mean
value of 3.5 km. It is also observed that out of the total 47
nights of the altitude-dependent correlation coefficients, 30
nights (∼63 %) exhibit negative correlations (with the min-
imum correlation coefficients from−0.30 to−0.91) in an
altitude range around 90 km. For the remaining 17 nights,
low correlation (with the minimum correlation coefficients
from −0.29 to 0.35) is discerned in an altitude range near
90 km. This indicates that the significant distinction between
the Na and Fe time variations generally appears in an alti-
tude range near 90 km. In addition, as noticed from all the
altitude-dependent correlation coefficients, 40 nights (85 %)
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Fig. 8. Time variations of the relative densities for Na (orange line) and Fe (blue line) 3 

observed at altitudes between 78.92 and 105.80 km (plotted in every 20 altitude bins) during 4 

the night of 8–9 December 2004. Note that the temporal variations of the Na and Fe relative 5 
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Fig. 8. Time variations of the relative densities for Na (orange
line) and Fe (blue line) observed at altitudes between 78.92 and
105.80 km (plotted in every 20 altitude bins) during the night of 8–
9 December 2004. Note that the temporal variations of the Na and
Fe relative densities show an excellent similarity on the bottommost
layer underside between 80.84 and 82.76 km, particularly on small
time scale.

out of the total 47 nights display obvious positive correlations
in the higher altitude range centered near 100 km with corre-
lation coefficients between 0.60 and 0.98. A weak positive
correlation (0.42–0.59) is also discerned from the remaining
7 nights. Hence, a relatively weak positive correlation be-
tween the simultaneous Na and Fe data exists in the altitude
range near 100 km. The altitude-dependent correlation be-
tween Na and Fe densities might be possibly related to the
vertical gradients of the mean Na and Fe layers. The positive
correlations occur on the low and high layer borders where
the Na and Fe gradient values have the same signs, while the
negative correlation arises in the altitude region near 90 km
where the gradient values for the two species are opposite.
Figure 11 gives the altitude profile of the mean correlation
coefficient derived from all the 47-night Na and Fe data. It is
obtained also by taking the medians of the 47-night correla-
tion coefficients at each altitude bin. As seen in Fig. 11, the
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Fig. 9. Time variations of relative densities for Na (orange line) and Fe (blue line) observed at 3 

altitudes between 78.92 and 84.29 km (plotted in every 4 altitude bins) during the night of 8–9 4 

December 2004, which display altitude dependence of the Na and Fe time variation relations 5 

in detail. Note that the temporal variations of the Na and Fe relative densities show an 6 

excellent similarity on the bottommost layer underside, and difference occurs at higher 7 

altitudes. 8 

9 

Fig. 9. Time variations of relative densities for Na (orange line) and
Fe (blue line) observed at altitudes between 78.92 and 84.29 km
(plotted in every 4 altitude bins) during the night of 8–9 Decem-
ber 2004, which display altitude dependence of the Na and Fe time
variation relations in detail. Note that the temporal variations of the
Na and Fe relative densities show an excellent similarity on the bot-
tommost layer underside, and difference occurs at higher altitudes.

mean Na-Fe correlation coefficient has a value of∼0.93 in
the lowest several kilometers of the layers, while the corre-
sponding SVR is 2.5 km. The correlation coefficient declines
to ∼0.045 at∼91.0 km. It attains its secondary maximum of
0.66 at∼98.9 km. As a whole, the altitude dependence of the
mean correlation coefficient coincides with that for individ-
ual nights, but some features (e.g., larger correlation coeffi-
cient values and broader SVR) become slightly weak because
of considerable change in the altitude dependence from night
to night.

2.3 Density increase and decrease rates for Na and Fe

In order to understand the small-time-scale variations of
the Na and Fe layers, here we examine the instanta-
neous Na and Fe increase and decrease rates at fixed al-
titudes based on the 5-min Na and Fe density profiles.

 27 
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 2 

Fig. 10. Correlation coefficient between simultaneously observed Na and Fe densities versus 3 

altitude on the night of 8–9 December 2004. 4 

5 

Fig. 10. Correlation coefficient between simultaneously observed
Na and Fe densities versus altitude on the night of 8–9 Decem-
ber 2004.
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 1 

Fig. 11. Mean correlation coefficient between simultaneously-observed Na and Fe densities 2 

versus altitude derived from all the 47 nights. The correlation coefficient is smoothed with 3 

running mean over 1.4 km.  4 

5 

Fig. 11. Mean correlation coefficient between simultaneously-
observed Na and Fe densities versus altitude derived from all the 47
nights. The correlation coefficient is smoothed with running mean
over 1.4 km.
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Fig. 12. (a) Time variations of Na and Fe densities and (b) Na and Fe variation rates at 82.76 3 

km from 00:00 LT to 02:30 LT on the night of 28–29 July 2004. 4 

5 

Fig. 12. (a)Time variations of Na and Fe densities and(b) Na and Fe variation rates at 82.76 km from 00:00 LT to 02:30 LT on the night of
28–29 July 2004.
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Fig. 13. Profiles of the mean increase and decrease rates for both Na and Fe. The profiles 3 

have been smoothed with running mean over 4.8 km in altitude. For comparison, the mean 4 

Na and Fe density profiles are presented.  5 

Fig. 13.Profiles of the mean increase and decrease rates for both Na
and Fe. The profiles have been smoothed with running mean over
4.8 km in altitude. For comparison, the mean Na and Fe density
profiles are presented.

Figure 12 presents an example of the calculated variation
rates of the Na and Fe layers together with time varia-
tions of their densities at 82.7 km during the night of 28–29
July 2004. Fe has evidently stronger variation rates com-
pared with Na. The Fe increase rate varies from∼0.3 to
∼6.9 atoms cm−3 s−1, while the Fe decrease rate ranges be-
tween∼0.4 and∼8.1 atoms cm−3 s−1. For Na, the increase
rate varies from∼0.1 to∼2.1 atoms cm−3 s−1, while the de-
crease rate ranges between∼0.01 and∼2.0 atoms cm−3 s−1.

The magnitude of the variation rates shown in Fig. 12b is
a measure of the metal layer variability (regardless of local
production/loss or advection effect of already-existing hori-
zontal structure by large-scale wind). In order to further re-
veal the metal layer variability, we plot in Fig. 13 the pro-
files of the mean increase and decrease rates for both Na and
Fe. The mean variation rate profiles are derived in terms of
the following procedure: (1) individual variation rate pro-
files (Na or Fe) for a given night are obtained via a difference
calculation with two adjacent 5-min density profiles. At a
given altitude, the positive and negative rate values are re-
spectively gathered together to form increase and decrease
rate data subsets. The mean increase and decrease rate val-
ues are attained by respectively taking the medians of the
two rate subsets. The calculated results at all altitudes on
this night are put together to produce the nightly mean pro-
files of the increase and decrease rates. (2) The annual mean
profiles of the increase and decrease rates are acquired by
taking the medians of the 47 nightly mean profiles for the
increase and decrease rates respectively. Note that a median
value is employed instead of an arithmetic mean in all av-
erage calculations because it ignores possible extreme rate
values. As seen in Fig. 13, the mean increase and decrease
rates for both Na and Fe are altitude dependent and have a
single-peak structure. The rate magnitudes for both Na and
Fe are larger on the layer bottom side than on the layer top
side. This coincides with the fact that the observed layer
bottoms often show steep gradient and significant vertical
displacements (Yi et al., 2008). The mean increase and de-
crease rates for Na have maxima of 0.39 and 0.37 cm−3 s−1

at altitudes around 91.2 km, while the corresponding values
for Fe are 1.43 and 1.39 cm−3 s−1 at altitudes near 84.4 km.
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Note that the peak altitude of the mean Na increase and de-
crease rates is 0.4 km lower than that of the mean Na layer,
for Fe this altitude is 2.7 km lower than that of the mean
Fe layer. The difference between the maximum increase
and decrease rates is+0.02 for Na and+0.04 cm−3 s−1 for
Fe. The positive small difference values suggest that each
of the Na and Fe densities at such altitudes mostly has a
slow net increase during night (because our lidar data were
collected only during night). In fact, the difference values
between the layer-column-abundance increase and decrease
rates (i.e., altitude integration of the change rates shown in
Fig. 13) are also positive for both Na and Fe. This is in good
agreement with the observed fact that the annual mean Na
column abundance show a monotonic increase during night
(States and Gardner, 1999). In order to explicitly represent
the timescale of the layer variability, we calculate the char-
acteristic time (time constant) in terms of the data plotted on
Fig. 13 (which is obtained by the mean density divided by
the mean increase/decrease rate). The characteristic time for
the Na variability is between∼0.07 and∼2.0 h, while this
quantity for Fe ranges from∼0.02 to∼1.7 h. This indicates
that the small-scale processes dominate the variability of the
Na and Fe layers. The positive small differences between the
altitude-integrated increase and decrease rates (derived from
Fig. 13) yield quite large characteristic time values for both
Na and Fe. They reflect a slow net increase in each of the
annual mean Na or Fe column abundances during night.

3 Conclusion and discussion

The average properties and small-scale variation features of
the mesospheric Na and Fe layers at 30◦ N have been re-
vealed based on the extensive simultaneous and common-
volume Na and Fe lidar measurements at Wuhan, China. In
terms of the averaging approach of Tilgner and von Zahn
(1988), the annual mean Na and Fe density profiles are de-
rived from a total of∼268 h simultaneous Na and Fe density
data on 47 different nights. It is shown that the mean Na and
Fe layers have much steeper density gradients on the bottom
side than on the top side, and the borders of the Fe layer
are obviously steeper than those of the Na layer. Near the
bottommost of the annual mean layers the Na and Fe scale
heights are respectively−0.42 and−0.30 km, while at the
topside of the mean layers (at 103 km for Na and 101 km for
Fe) the corresponding values are 1.06 and 0.82 km. Both the
Na and Fe scale heights on the layer bottom sides are obvi-
ously smaller in magnitude than those derived from the con-
ventional arithmetic average (<2 km for Na and<1 km for
Fe) (Plane, 2003).

The Na and Fe densities in the lowest several kilometers
of the layers consistently exhibit nearly the same time vari-
ations. According to our statistics, on 40 nights (85 %) out
of a total of 47 nights, the correlation coefficients between
the Na and Fe densities are larger than 0.9 on the layer un-

dersides. The remaining 7 nights have the maximum cor-
relation coefficients ranging from 0.80 to 0.89 on the layer
undersides. The slightly lower correlations for the 7 nights
result from lower lidar signal-to-noise ratios. At higher alti-
tudes, the similarity falls off. A clear-cut distinction between
the Na and Fe time variations usually appears in an altitude
range near 90 km. There is a relatively weak positive correla-
tion between the simultaneous Na and Fe data in an altitude
range near 100 km.

For each metal atom species (Na or Fe), the mean increase
and decrease rates are altitude dependent and have a single-
peak structure. In addition, the rate magnitudes for both Na
and Fe are larger on the layer bottom side than on the layer
top side. This coincides with the fact that the observed layer
bottoms often show steep gradient and significant vertical
displacements. For each metal species (Na or Fe), the dif-
ference between the increase and decrease rates of the layer
column abundance is a small positive value. This indicates
that each of the Na and Fe column abundances mostly has a
slow net increase during night. The peak altitude of the mean
Na increase/decrease rates is 0.4 km lower than that of the
mean Na layer, for Fe this altitude is 2.7 km lower than that
of the mean Fe layer. The characteristic time for the Na vari-
ability ranges from∼0.07 and∼2.0 h, while this quantity for
Fe varies from∼0.02 and∼1.7 h. Obviously the small-scale
processes dominate the variability of the Na and Fe layers.
However, there exists also a slow net increase in each of the
annual mean Na and Fe column abundances during night.

Introducing the gravity wave perturbation (a monochro-
matic wave) in the Na and Fe models (via temperature and
minor species concentrations), Plane et al. (1999a) simulated
the kinetic response of the Na and Fe atoms for two wave
periods. Their calculations showed that, below 84 km the
Fe/Na ratio at given altitude varies by a factor of 5, whereas
between 87 and 100 km the ratio varies by no more than a
factor of 2, as the wave propagates. In terms of model analy-
sis, on the layer underside, Fe undergoes significant chemical
amplification, but Na does not because the different chemical
reactions control their undersides (Plane et al., 1999a). Ob-
viously the modeled results are different with the observed
ubiquitous relationship between Na and Fe variations at fixed
altitudes, particularly the fact that on the layer underside the
Na and Fe densities vary with a nearly constant Fe/Na ratio
at given altitude.

As mentioned above, the observed Na and Fe lower bound-
aries always follow nearly the same movements and show
consistently a delicate stratification with the Fe lower bound-
ary being in general slightly higher than or coincident with
that of the Na layer (Yi et al., 2007, 2008). Atmospheric
gravity waves so far are generally believed to induce the ver-
tical movements. But, at the lower boundaries near 80 km
altitude the vertical mixing of constituents by turbulence gen-
erated (or brought) by gravity waves tends to spoil the stratifi-
cation. It appears that gravity waves alone cannot explain the
always-existing delicate stratification under the modulation
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of the vertical movements. Obviously, ascertaining the com-
plicated physics behind the simultaneously-observed Na and
Fe characteristics needs further observational and modeling
efforts.

In terms of the airglow observations, the peak altitudes of
the perturbations in the OH and O2 volume emission rates
are respectively a few kilometers lower than that of the cor-
responding unperturbed emissions (Swenson and Gardner,
1998; Liu and Swenson, 2003). Considering that the vari-
ation (increase/decrease) rate magnitude is equivalent to the
perturbation intensity, this feature appears to be similar to our
current lidar observations that the peak altitude of the mean
variation rate is lower than that of the mean layer for both
Na and Fe. However, the metal atoms (Na and Fe) appar-
ently differ in chemistry from hydroxyl and molecular oxy-
gen. Thus, further work in both observation and modeling is
required to clarify this nearly universal feature for the layered
phenomena in the mesosphere.
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