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Abstract. On the night of 13 June 2013, the University of Science and Technology of China (USTC) sodium
lidar observed multiple sporadic sodium layers (SSLs) and enhanced sodium patterns (ESPs) over Hefei, China
(31.8° N, 117.3° E). These structures appeared at different times, collectively spanning nearly the entire night,
and exhibited distinct vertical motions and horizontal propagation behaviors. Their propagation was closely
linked to the background horizontal wind, indicating the role of horizontal transport. Combined observations
from the nearby meteor radar and ionosonde in Wuhan (∼ 200 mi west of Hefei) revealed that SSLs occurring
before 19:30 UT are closely associated with the sporadic E (Es) layer. The evolution of the Es layer shows an
overall downward propagation consistent with tidal wind variations, suggesting that tidal waves may play a role
in modulating ion distribution and associated sodium production. Notably, two ESP events exhibit quasi-periodic
structures with periods of ∼ 50–60 min, accompanied by similar oscillations in the Es layer and associated
ion convergence regions. This behavior indicates that the atmospheric gravity waves may also modulate the
horizontal wind, thereby influencing ion convergence, the Es layer, and sodium density. These observations
provide new insights into the roles of wave-modulated horizontal winds in driving sodium-layer variability and
underscore the importance of coupled neutral–ion processes in the MLT region.

1 Introduction

The mesosphere and lower thermosphere (MLT; 80–105 km)
is a key region for the coupling between Earth’s neutral atmo-
sphere and the ionosphere, where complex dynamical, photo-
chemical, and electrodynamical processes coexist. Processes
occurring in this region play a crucial role in the transport
of energy and constituents throughout the atmosphere (Fritts

and Alexander, 2003; Li et al., 2007, 2022). Narrowband
sodium resonance fluorescence lidar can measure MLT re-
gion temperature, wind, and sodium density with high tem-
poral and spatial resolutions (She and Yu, 1994; Li et al.,
2012), and is widely used for investigating MLT dynamics
(Gardner and Liu, 2007; Guo et al., 2017; She et al., 2021).

Among metal-layer phenomena, sporadic sodium layers
(SSLs) are particularly striking and can be observed effec-
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tively with sodium resonance-fluorescence lidar. The SSL
was first reported by Clemesha et al. (1978). It is character-
ized by a rapid enhancement of neutral sodium number den-
sity by several times within a thin vertical layer, typically less
than 5 km thick (Collins et al., 2002). Such enhancements
usually develop within minutes to tens of minutes and may
persist for a few hours (Clemesha, 1995). Owing to its pro-
nounced temporal and spatial variability, the SSL has been
widely regarded as a sensitive tracer for probing the cou-
pling among dynamical, chemical, and ionospheric processes
in the MLT region (Qiu et al., 2016).

The formation of SSLs has been attributed to multiple
mechanisms. Among these, sporadic E (Es) layers are con-
sidered a direct source of neutral sodium atoms (Von Zahn
and Hansen, 1988; Heinselman et al., 1998). Metallic ions,
such as Na+, concentrated within Es layers, can be rapidly
neutralized through a sequence of ion–molecule reactions,
resulting in the localized release of a large amount of neutral
sodium atoms (Cox and Plane, 1998; Plane et al., 2015). Ob-
servations have reported strong spatiotemporal correlations
between SSLs and Es layers (Von Zahn and Hansen, 1988;
Kane et al., 1993). In addition, temperature perturbations
may modify chemical reaction rates and shift the balance
between sodium production and loss, leading to rapid local
enhancements of sodium density (Zhou et al., 1993). Mete-
oric input has also been suggested as a potential contributor
to SSL formation (Dou et al., 2010). The coexistence of these
mechanisms indicates that SSLs are likely produced through
the combined effects of multiple interacting processes.

Beyond their formation, the dynamical propagation and
evolution of SSLs are equally important for understanding
the underlying physical processes. Early observations us-
ing a steerable sodium lidar revealed horizontal variations in
sodium concentration (Thomas et al., 1977). Based on simul-
taneous measurements at three horizontally separated loca-
tions, Batista et al. (1991) identified systematic time delays in
the occurrence of SSL events. Tsuda et al. (2015) employed
a five-directional sodium lidar in combination with com-
plementary instruments and demonstrated that SSL struc-
tures were horizontally advected, with propagation velocities
consistent with independently measured background winds.
Similarly, using a three-directional sodium lidar in Antarc-
tica, Chen et al. (2021) further confirmed the wind-driven
advection of SSLs and revealed their close coupling with a
descending Es layer. In addition, Ban et al. (2015) reported
an upward motion SSL event exhibiting clear horizontal ad-
vection by the background wind field and possibly associ-
ated with gravity-wave breaking. This finding suggested that
SSLs possess horizontal structures and are advected by the
background horizontal wind.

Most studies of SSL dynamical behavior have focused on
either a single dominant SSL observed during an individ-
ual night (Ban et al., 2015; Tsuda et al., 2015) or on SSL
events occurring on different days (Batista et al., 1991). In
this study, we investigate the formation and propagation char-

acteristics of multiple SSLs and enhanced sodium patterns
(ESPs) occurring within a single night by using the observa-
tions from the sodium temperature/wind lidar at the Univer-
sity of Science and Technology of China (USTC). Simulta-
neous measurements from a meteor radar and an ionosonde
located in Wuhan, approximately 200 mi west of the lidar
site, are also employed to examine the dynamical and iono-
spheric conditions associated with these events. Section 2
describes the instruments and datasets, Sect. 3 presents the
observational results, Sect. 4 explores possible sources of
SSLs/ESPs, Sect. 5 examines the effects of horizontal winds,
Sect. 6 discusses the results, and Sect. 7 summarizes the main
conclusions.

2 Instrument Description and Data Analysis

2.1 USTC Sodium Lidar

The USTC sodium lidar, located in Hefei, China (31.8° N,
117.3° E), can simultaneously measure sodium density, tem-
perature, and wind with high spatial and temporal resolution
over an altitude range of 80–105 km. The transmitted laser
beam is split into two beams that are alternately directed
eastward and westward at a zenith angle of 15°, enabling
the derivation of zonal momentum flux from the dual-beam
wind measurements (Li et al., 2022). The backscattered sig-
nals from the two viewing directions are collected indepen-
dently by two telescopes, each with an aperture of 76 cm.
With a temporal resolution of 15 min and a vertical resolu-
tion of 2 km, the lidar achieves measurement uncertainties
induced by photon noise and laser locking fluctuation of ap-
proximately 1.0 K in temperature and 1.5 ms−1 in wind at
the peak of the sodium layer (Li et al., 2012). In this study,
sodium number density data with a temporal resolution of
1 min and a vertical resolution of 150 m are used, while zonal
wind data are analyzed with a temporal resolution of 30 min
and a vertical resolution of 2 km.

In this study, the definition of an SSL follows the crite-
ria proposed by Dou et al. (2009). Specifically, an SSL must
satisfy the following three criteria: (1) the peak sodium den-
sity is at least twice the background sodium density at the
same altitude and exceeds 1000 cm−3 when the SSL occurs
above 100 km; (2) the full width at half maximum (FWHM)
of the layer is less than 4.0 km; and (3) the layer persists for
at least 15 min. The first two criteria are identical to those
proposed by Dou et al. (2009), whereas the duration crite-
rion has been modified to account for the high temporal res-
olution of the sodium lidar observations used in this study.
Since the sodium density profiles have a temporal resolution
of 1 min, the original requirement of four successive lidar
profiles (> 16 min) is replaced by a requirement of at least
15 consecutive profiles (15 min), while maintaining essen-
tially the same temporal threshold. In contrast, an ESP is de-
fined as an obvious sodium density enhancement event that
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does not satisfy one or more of the above SSL identification
criteria.

The background sodium profile used for SSL identifica-
tion is determined iteratively. The all-night averaged sodium
density profile is first adopted as the initial background pro-
file. Sodium density profiles whose sodium densities exceed
twice the background value are regarded as containing SSLs
and are excluded from the background calculation. The re-
maining profiles are averaged to obtain an updated back-
ground profile, and the procedure is repeated until the back-
ground profile converges. The converged profile is used as
the final background sodium profile.

2.2 Wuhan Meteor Radar and Ionosonde

The Wuhan meteor radar, located in Wuhan, China (30.7° N,
114.5° E), is an important radio sounding instrument for
measuring horizontal wind fields in the MLT region. The
radar site is approximately 200 mi west of the USTC sodium
lidar. The system derives wind information at different alti-
tude layers by detecting radio-wave backscatter from meteor
trails. As an all-sky interferometric wideband radar, it pro-
vides horizontal wind measurements with a temporal resolu-
tion of about 2 h and a vertical resolution of 3 km over an alti-
tude range of approximately 80–100 km (Xiong et al., 2004).
In this study, the meteor radar meridional wind observed on
13 June 2013 is used together with the lidar measurements to
investigate sodium layer variations.

The Wuhan ionosonde is a standard ground-based instru-
ment used for vertical sounding of the ionospheric structure.
It transmits radio waves with frequencies sweeping from 1–
30 MHz into the upper atmosphere and receives the echoes
reflected from different ionospheric altitudes, thereby de-
riving the vertical profile of electron density in near real
time. The system can directly measure key Es parameters,
including the critical frequency of Es (foEs) and the virtual
height of Es (h′Es). Here, h′Es represents the virtual reflec-
tion height of the Es layer derived from the ionogram. In this
study, ionosonde observations with a 15 min temporal resolu-
tion are used to provide Es information for the case analysis.

3 Observations of SSLs and ESPs

During the night of 13 June 2013, three SSL events were ob-
served by the east and west beams of the sodium lidar during
12:30–14:30, 17:00–18:30, and 20:00–21:00 UT, as shown
in Fig. 1a and b. These events are hereafter referred to as
SSL1, SSL2, and SSL3. The SSL1 occurred above 100 km
and exhibited an upward motion with time. Figure 2a shows
the maximum sodium density profiles of the SSL1 in the east
and west beams compared with the background sodium den-
sity. The maximum sodium density of SSL1 is 1500 cm−3

at 105 km, approximately 15 times the background sodium
layer at 105 km. Similarly, Fig. 2b and c shows the maximum
sodium density profiles of the SSL2 and SSL3. The maxi-

mum sodium densities of SSL2 and SSL3 were 8300 cm−3

at 97.5 km and 12 000 cm−3 at 94 km, respectively.
In addition to the three prominent SSLs on this night, three

ESP events were observed at 15:30 UT at 96 km, at 16:18 UT
at 96 km, and during 18:30–19:30 UT around 94 km. These
are hereafter referred to as ESP1, ESP2, and ESP3. Figure 1c
and d shows the zonal wind observed by the sodium lidar and
the meridional wind observed by the Wuhan meteor radar. A
comparison between sodium density variation and horizontal
winds indicates that SSL2, ESP1, ESP2, and ESP3 occurred
during periods of westward zonal winds. After 19:00 UT,
the zonal wind direction changed from west to east, and the
SSL3 appeared with a north-east background wind.

To further investigate the dynamical properties of the
SSLs, Fig. 3a and b shows the detailed structure of SSL1
in the east beam and west beam, respectively. Similarly, the
fine structures of SSL2 and SSL3 are shown in Fig. 3c–f.
As shown in Fig. 3, SSL1 exhibits upward motion, whereas
SSL2 and SSL3 show downward motion, with SSL3 de-
scending faster than SSL2. The SSL2 first appeared in the
east beam and subsequently in the west beam, whereas SSL3
showed the opposite behavior, appearing earlier in the west
beam than in the east beam.

To quantify the time delay between the two beams, SSL2
is taken as an example and analyzed using the method de-
scribed by Chen et al. (2021). Figure 4a and b presents the
sodium density variations in the east and west beams during
15:00–19:00 UT. The black dashed lines in Fig. 4a and b in-
dicates the altitudes of 95 and 100 km. SSL2 persisted for ap-
proximately 2 h, from ∼ 16:36–18:30 UT, with its maximum
density occurring around 17:30 UT. In addition to the main
SSL2 structure, a thin descending layer originating from
102 km at 16:50 UT is observed in the east beam and merges
into SSL2 (Fig. 4a). A similar but more complex structure is
observed in the west beam (Fig. 4b). Figure 4c and d presents
the temporal evolution of sodium density within this height
range between 95 and 100 km. The mean, maximum, and
median values of the sodium density are compared with the
background sodium density. The onset and end of the SSL
are shown as vertical dashed lines and defined as the times
when the sodium density reached twice the background den-
sity. The mean density in the east beam first exceeds twice
the background at 16:57 UT (Fig. 4c), followed by the west
beam at 17:15 UT, indicating a time delay of ∼ 18 min.

For the ESPs, the sodium density enhancements in Fig. 1
are less pronounced than those of the SSLs. To better char-
acterize their dynamic properties, Fig. 5a and b illustrates
the time–height variations of ESP1 and ESP2 in the east
and west beams, respectively, while Fig. 5c and d shows
those of ESP3. All three ESPs exhibit downward motion,
with ESP1 and ESP2 descending faster than ESP3. ESP1 and
ESP2 are separated by approximately 1 h and exhibit similar
phase speeds. Both ESP1 and ESP2 appear earlier in the east
beam than in the west beam. ESP3 persists longer and ex-
hibits higher sodium density than ESP1 and ESP2. Its peak

https://doi.org/10.5194/acp-26-11409-2026 Atmos. Chem. Phys., 26, 11409–11420, 2026



11412 Y. Jia et al.: Sodium Lidar observed multiple sodium layer structures

Figure 1. Time–height contours of east beam sodium density (a), west beam sodium density (b), zonal wind (c) from USTC Na lidar and
meridional wind (d) from Wuhan meteor radar between 11:00 and 21:00 UT, 13 June 2013. The white vertical lines represent data gaps.

Figure 2. Maximum sodium density profiles of the SSL1 (a), SSL2 (b), and SSL3 (c) compared with the background sodium density. The
solid line represents the east beam and the dashed line represents the west beam. SSL1, SSL2, SSL3 and background sodium density are
plotted in red, green, yellow, and blue respectively.

density occurs at ∼ 94.5 km in the east beam and ∼ 93 km in
the west beam, whereas the peak altitudes of ESP1 and ESP2
are similar in both beams. However, the peak density of ESP1
is significantly higher in the west beam than in the east beam.
These differences indicate that small-scale sodium structures
are horizontally inhomogeneous.

The ESPs have relatively short durations (∼ 15 min for
ESP1 and ESP2) and lower densities than the SSLs, mak-
ing them unsuitable for estimating propagation delays using
the SSL method. However, their clear downward phase struc-
tures allow estimation of propagation delays based on phase
alignment. Taking ESP1 as an example, the evolution tra-
jectory of the structure in the east beam is identified by a
dashed line whose slope is determined from the time–height
variation of the maximum sodium density within the ESP
(Fig. 5a). The corresponding trajectory in the west beam is
approximated using a parallel dashed line. The time differ-

ence (∼ 10 min) between the two trajectories represents the
propagation delay of ESP1. Using the same method, the de-
lays for ESP2 and ESP3 are estimated at ∼ 6 and ∼ 14 min,
respectively.

4 Possible Source of the SSLs and ESPs

To investigate the source of sodium atoms associated with
the observed SSLs and ESPs, ionosonde measurements from
Wuhan, located near Hefei, were analyzed to characterize oc-
currence and evolution of the Es layer on that day. Figure 6a
and b presents the Es layer altitude (h′Es) and critical fre-
quency (foEs) during 11:00–21:00 UT of 13 June 2013. An
Es layer was present from 11:00–18:45 UT. To facilitate di-
rect comparison, the temporal evolution of the Es layer alti-
tude is overplotted on the sodium density contour in Fig. 6c.
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Figure 3. Time–height contours of SSL1 (a, b), SSL2 (c, d), and SSL3 (e, f). The upper panels show results from the east beam, and the
lower panels show results from the west beam.

Figure 4. Time–height contours of SSL2 observed from the east beam (a) and west beam (b). Panels (c) and (d) show the corresponding
time variations of sodium density within the altitude range of 95–100 km for the two beams. Red, blue, and black solid lines represent the
mean, median, and maximum sodium densities, respectively. Vertical red and blue dashed lines indicate the onset and end times derived from
mean and median sodium densities, defined as twice the background level.

Based on its dynamical behavior, the evolution of the Es layer
can be divided into three distinct stages.

During the first stage (11:00–14:00 UT), the Es layer ap-
peared at 11:00 UT and an altitude of 112 km with a critical
frequency of approximately 5.0 MHz. It descended to 108 km
at 12:00 UT and then ascended back to 112 km at 13:30 UT,
with an average upward velocity of ∼ 0.7 ms−1. During this
ascending phase, SSL1 exhibited a temporal evolution con-
sistent with that of the Es layer, showing clear upward motion
with a velocity of∼ 0.6 ms−1 (Fig. 6c). The altitude of SSL1
was about 2–3 km lower than that of the Es layer. During this
stage, the maximum foEs reached 9.3 MHz, corresponding to

the electron density comparable to that reported in Xue et al.
(2017). Their chemical modeling suggests that ∼ 30 min are
required to produce sodium densities of ∼ 1000 cm−3, con-
sistent with the observed growth timescale of SSL1. The
close spatiotemporal correspondence between SSL1 and the
Es layer, together with the compatible chemical timescale,
indicates that the Es layer may have contributed to the for-
mation of SSL1.

During the second stage (14:00–16:15 UT), the Es layer al-
titude fluctuated between 103 and 110 km, accompanied with
variations of the foEs. An anti-correlation between h′Es and
foEs was observed: when the Es layer rose to higher alti-
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Figure 5. Time–height contours showing the detailed structures of ESP1 and ESP2 (a, b) and ESP3 (c, d) observed by the east beam (a, c)
and west beam (b, d). Black dashed lines indicate the central regions of the ESPs, which are used to estimate the time delay for each ESP.
The black dashed lines are according to the variation trend of the altitude corresponding to the maximum sodium density during each ESP
event.

tudes (e.g., 14:30 and 15:30 UT), its foEs decreased, whereas
when it descended to lower altitudes (e.g., 14:00, 15:00, and
16:00 UT), its foEs increased. Such quasi-periodic variations
suggest that the Es layer during this period was likely mod-
ulated by gravity waves with a period of approximately one
hour. Similarly, as shown in Fig. 6c, ESP1 and ESP2 exhibit
wave-like structures with a period of about 50 min, which
is very close to the oscillation period observed in the Es
layer. Furthermore, based on the temporal variation of the Es
layer altitude, the phase velocities of the Es structures dur-
ing 14:15–14:45 and 15:30–16:00 UT are estimated to be ap-
proximately 3 ms−1. This value is very close to the phase ve-
locity of ESP1 and ESP2 (∼ 3.3 ms−1) derived from Fig. 5a.

During the third stage (16:15–21:00 UT), the Es layer
rapidly descended from 110–100 km between 16:15 and
16:45 UT. It then remained at relatively low altitudes
(∼ 97–100 km) from 16:45–18:15 UT, with foEs ranging
from ∼ 3.5–4.5 MHz. As shown in Fig. 6c, SSL2, located
∼ 2 km below the Es layer, exhibited structural characteris-
tics consistent with those of the Es layer, including similar
duration and downward motion progression. This correspon-
dence suggests that SSL2 was closely related to the Es layer.

These results indicate that although SSL1 and SSL2 ex-
hibit different phase velocities and peak densities, both were
likely generated by Es layer processes. In contrast, SSL3 rep-
resents a different case. Although it was the strongest SSL
observed during this night, no corresponding Es layer was
detected during its occurrence. This suggests that SSL3 may
be associated with other mechanisms, such as neutral dynam-
ical processes related to strong tidal activity (e.g., Cleme-
sha et al., 1996), as indicated by the large tidal amplitudes

in Fig. 1d. Overall, the complex variability of sodium den-
sity observed on 13 June 2013 is primarily linked to Es-layer
processes.

5 Horizontal wind effects

5.1 Direct horizontal transport of sodium layer structures

Using the dual-beam sodium lidar at USTC, with SSL and
ESP structures serving as tracers, clear horizontal transport
processes in the sodium layer were observed. Table 1 sum-
marizes the transport characteristics of two SSLs and three
ESPs, excluding SSL1. SSL1 is excluded because its trans-
port pattern is difficult to define, and it occurred above
100 km, where lidar-derived zonal winds have large un-
certainty and corresponding meridional wind measurements
from the meteor radar are unavailable. All wind values pre-
sented below and in Table 1 are averaged over the temporal
and altitude ranges of each SSL and ESP event. As shown
in Table 1, four of the five structures (SSL2 and three ESPs)
propagated from east to west. During these events, the zonal
winds were also westward, with magnitudes generally ex-
ceeding 30 ms−1. In contrast, during the occurrence of SSL3,
the zonal wind reversed to an eastward direction, and SSL3
propagated from west to east, opposite to the other four
events.

To further quantify the propagation characteristics of SSLs
and ESPs, the zonal wind from sodium lidar and the merid-
ional wind measurements from the Wuhan meteor radar
were combined following the method proposed by Ban et al.
(2015). SSL3 is used as an example to illustrate the horizon-
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Table 1. Characteristics of the Propagating SSLs and ESPs.

Event SSL2 SSL3 ESP1 ESP2 ESP3

Delaya (min) −18 11 −10 −6 −14
Zonal Wind (ms−1) −50.5 9.7 −39.3 −30.4 −41.7
Meridional Wind (ms−1) −4.9 52.3 −44.2 −36.9 5.9
Horizontal Wind (ms−1) 50.7 53.2 59.1 47.7 42.1
Horizontal wind directionb (°) 174.5 −79.5 131.7 129.4 −172.0
SSL and ESP Width (km) 6.9 55.6 37.4 41.3 15.7
Propagating distance (km) 54.8 35.1 35.5 17.2 35.4
SSL and ESP angleb (°) 130.7 38.3 45.1 18.8 161.8

a Positive (negative) delay indicates that the structure appears first in the west (east) beam.
b Angles are referenced to eastward (0°), with positive values defined clockwise and negative values
counterclockwise.

Figure 6. (a) Height and (b) critical frequency of the Es layer
measured by the Wuhan ionosonde between 11:00 and 21:00 UT
on 13 June 2013. Red dots indicate individual measurements.
(c) Height variation of the Es layer (orange line) overlaid on the
time–height contour of sodium density from the east beam. The
dashed lines in (a) and (b) indicate gravity-wave perturbations in
the Es layer.

tal transport process (Fig. 7). In Fig. 7, the two lidar beams,
separated by ∼ 50 km at an altitude of 98 km, are shown as
red points. During the SSL3 event, the zonal and meridional
winds were 9.7 and 52.3 ms−1, respectively. The solid black
arrow indicates the horizontal wind vector. Assuming that the
front of SSL3 can be approximated as a straight line, the

time delay between the beams can be used to estimate the
minimum horizontal scale of the event, the propagation dis-
tance along the wind vector, and the front orientation angle.
For SSL3, the front orientation angle is approximately 38.3°
south of east, and the propagation distance along the wind
vector is about 35.1 km. The horizontal scale of this SSL is
therefore estimated to exceed 55.6 km.

Applying the same method to SSL2 and the ESPs, the min-
imum horizontal scales, propagation distances, and propa-
gation angles of the structures are derived and summarized
in Table 1. For SSL2 and ESP3, the zonal wind is approxi-
mately an order of magnitude stronger than the meridional
wind, indicating that transport is dominated by the zonal
component. In these cases, structures with horizontal scales
of less than ∼ 20 km can still be detected by both beams. In
contrast, when the zonal wind is comparable to or weaker
than the meridional wind, larger horizontal scales are re-
quired for simultaneous detection. Under the present beam
configuration, the estimated horizontal scales generally ex-
ceed ∼ 35 km, consistent with previous observations (Ban
et al., 2015).

5.2 Horizontal wind effects on Es layer

In the MLT region over Hefei, the background wind is
strongly influenced by atmospheric tides, as shown by long-
term lidar observations (Li et al., 2018). To examine the re-
lationship between the Es layer and horizontal winds, me-
teor radar data from Wuhan on 13 June 2013 were ana-
lyzed to extract the diurnal and semidiurnal tidal components
(Fig. 8). The results show that the zonal wind is characterized
by pronounced diurnal and semidiurnal tidal components
with comparable amplitudes, with the diurnal tide being
slightly stronger. Using the fitted tidal parameters shown in
Fig. 8, Fig. 9 presents the reconstructed zonal wind between
11:00 and 21:00 UT, overlaid with the observed Es layer al-
titude (solid orange line). When small-scale fluctuations in
Es height are ignored, the overall downward phase progres-
sion of the Es layer closely matches that of the reconstructed
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Figure 7. Schematic diagram of the SSL3 event. The red line indicates a 50 km separation between the two beams in the mesopause region.
The solid black line represents the horizontal wind vector, and the yellow line represents the horizontal extent of the SSL.

zonal wind. For reference, the Es altitude shifted downward
by 10 km is also shown (dashed orange line), which follows
the zero-wind region of the reconstructed wind field. These
results suggest that tidal wind may influence the evolution of
the Es layer.

To further examine the role of horizontal winds in ion dy-
namics, ignoring the electric field force and the pressure gra-
dient force, the ion vertical drift induced by neutral wind can
be expressed as below (Kirkwood and Nilsson, 2000):

wiz =
ri cosI

1+ r2
i
×U −

cosI

1+ r2
i
×V sinI

+

(
1−

cos2I

1+ r2
i

)
×W (1)

where U , V , and W are zonal, meridional, and vertical wind,
respectively, I is the magnetic dip angle (47.9° at Hefei),
and ri is the ratio of the ion-neutral collision frequency to
the ion gyrofrequency. Below ∼ 110 km over Hefei, the ion-
neutral collision frequency is much larger, resulting in the ri
being much larger than 1, so the V influence can be ignored.
In addition, W is one order of magnitude smaller compared
with the horizontal wind. Overall, the ion vertical motion
is primarily modulated by the zonal wind component below
110 km (Xue et al., 2013). Under this approximation, the ver-
tical gradient of the ion vertical drift (dwiz/dz) can be calcu-
lated using the zonal wind observation by the USTC sodium
lidar.

Figure 10 shows the vertical gradient of the ion vertical
drift (dwiz/dz). Regions of negative dwiz/dz correspond to
ion convergence, while positive dwiz/dz indicates ion di-
vergence. Around 12:30 UT, an ion divergence appears near
100 km, while a convergence region is located∼ 5 km above.
Both structures descend over time, following the progression
of the tidal phase. Two ion convergence regions are identified
near 104 km (14:30–15:00 UT) and 105 km (16:00 UT), cor-
responding to perturbations in the Es layer, with foEs reach-
ing 8.6 MHz at 104 km (15:00 UT) and 7.2 MHz at 106 km
(16:00 UT), where ion accumulation is enhanced. A more
pronounced transition occurs near 17:00 UT, when the diver-

gence region near 98 km weakens and changes into a con-
vergence region, while a new divergence region forms near
103 km. This transition coincides with the rapid downward
descent of the Es layer from 110–100 km at 16:45 UT. After
17:00 UT, the region between 90 and 102 km is dominated by
ion convergence, while the divergence region remains above
∼ 100 km. During this period, the Es layer is confined to al-
titudes of 97–100 km and does not return to higher altitudes.
The temporal and vertical evolution of the Es layer is there-
fore consistent with the variations in the ion convergence re-
gions.

6 Discussion

The observations on 13 June 2013 reveal pronounced and
multi-scale variability in the sodium layer, characterized by
multiple SSLs and ESPs with distinct dynamical behaviors.
These structures provide an opportunity to examine the rel-
ative roles of neutral dynamics and ionospheric processes
in the MLT region. The observations presented above indi-
cate that horizontal winds play an important role in shap-
ing sodium layer variability through two coupled pathways:
(1) direct transport of sodium layer structures and (2) indi-
rect modulation via ion–neutral coupling associated with Es
layers.

First, horizontal winds directly control the transport of
sodium layer structures. Early lidar observations showed
that 12 SSL events exhibit horizontal motion (Batista et al.,
1991), and subsequent studies demonstrated that these struc-
tures tend to follow the background wind (Ban et al., 2015;
Tsuda et al., 2015; Chen et al., 2021). Most previous stud-
ies, however, focused on individual events. In this study, two
SSLs and three ESPs are observed at different times, collec-
tively spanning nearly the entire night. Their zonal propaga-
tion directions are consistent with the observed zonal winds.
In particular, the transition from ESP3 to SSL3 provides a
clear example: following the reversal of the zonal wind, the
propagation directions of ESP3 and SSL3 also reversed, in-
dicating a rapid, direct response of sodium-layer structures to
changes in the background wind. These results demonstrate
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Figure 8. Height profiles of (a) amplitude and (b) phase of the diurnal tidal component, and (c) amplitude and (d) phase of the semidiurnal
tidal component, derived from wind observations by the Wuhan meteor radar on 13 June 2013. Blue and red lines represent results fitted
from the zonal and meridional winds, respectively. Horizontal bars indicate the fitting uncertainties.

Figure 9. Zonal wind reconstruction uses the fitted diurnal and
semidiurnal tidal parameters derived from the Wuhan meteor radar.
The solid orange line denotes the altitude variation of the Es layer
measured by the Wuhan ionosonde, while the dashed orange line
represents the solid orange line shifted downward by 10 km for vi-
sual comparison only.

Figure 10. Time–height contour of vertical gradient of ion vertical
drift derived from zonal wind measured by the USTC sodium lidar
on 13 June 2013. Cold colors indicate negative dwiz/dz (ion con-
vergence region), while warm colors indicate positive dwiz/dz (ion
divergence region). The orange line denotes the altitude variation
of the Es layer measured by the Wuhan ionosondes, and the dashed
purple lines indicate the trajectories of the SSLs.
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that horizontal winds exert a direct and persistent influence
on the transport of sodium layer structures.

Beyond direct transport, horizontal winds also influence
sodium density indirectly through ion–neutral coupling pro-
cesses. Horizontal wind shear can lead to the convergence
of long-lived metallic ions and contribute to the formation
of Es layers (Clemesha et al., 1978; Haldoupis, 2011; Wu
et al., 2021). Meteor radar observations show that the zonal
wind during this night is dominated by diurnal and semidi-
urnal tidal components. The downward phase progression of
the Es layer is consistent with that of the tidal wind, sug-
gesting that tidal forcing modulates the vertical evolution of
the ion distribution, in agreement with previous studies (Hal-
doupis et al., 2004, 2006; Zhou et al., 2017; Qiu et al., 2021).
The observed changes in the Es layer are closely associated
with variations in the ion vertical drift gradient (Fig. 10), in-
cluding the rapid descent of the Es layer at 16:45 UT and
its subsequent confinement below ∼ 100 km. Such behavior
reflects the role of wind-driven ion convergence and diver-
gence in regulating ion distribution. In addition, most SSLs
observed by the sodium lidar are located within ion conver-
gence regions (Fig. 10). Consequently, regions of ion conver-
gence enhance ion-neutral chemical reactions, promoting the
production of neutral sodium atoms and contributing to the
formation of SSLs and ESPs.

Furthermore, the wave-like features of ESP1 and ESP2
(Fig. 5a), with periods of ∼ 50–60 min, suggest modula-
tion by atmospheric gravity waves, consistent with Cai
et al. (2017). The Es altitude and foEs between 13:30 and
16:00 UT also exhibit similar quasi-periodic variations with
a period of∼ 1 h (Fig. 6a and b), accompanied by ion conver-
gence regions near∼ 104–105 km (Fig. 10), where enhanced
ion accumulation contributes to the observed increases in
foEs. Gravity waves propagating through the MLT region
can perturb neutral winds, thereby generating vertical shear
in ion velocities and modulating ion convergence and di-
vergence (Haldoupis, 2011). Recent observations by Wang
et al. (2026), using incoherent scatter radar in Sanya, pro-
vide direct evidence of Es structures modulated by gravity
waves. The downward phase speeds of the ESP1 and ESP2
are 3.3 ms−1, consistent with the downward phase progres-
sion of the Es layer during 14:15–14:45 and 15:30–16:00 UT.

In addition, when the Es layer descends to lower alti-
tudes, the foEs can reach 8.6 MHz. Such strong foEs con-
ditions are more favorable for the production of sodium
atoms. However, the Es layer heights at 14:00, 15:00, and
16:00 UT (∼ 108, 104, and 106 km, respectively) are about
10 km higher than those of ESP1 and ESP2, making a di-
rect causal relationship uncertain. Two possible explanations
are proposed for this discrepancy. First, previous observa-
tions have shown that Es layers can be modulated by gravity
waves with vertical wavelengths of∼ 10–15 km (Wang et al.,
2026). Considering the horizontal separation (∼ 200 mi) be-
tween Wuhan and Hefei, it is hypothesized that gravity-
wave-induced vertical phase variations may contribute to dif-

ferences in Es-layer altitude between the two locations. Un-
der this hypothesis, the Es layer over Hefei may occur at rela-
tively lower altitudes (∼ 96 km), where ion–neutral chemical
reactions could enhance neutral sodium density and produce
ESP structures. Alternatively, gravity waves may simultane-
ously modulate both the sodium layer and the Es layer (Cai
et al., 2017; Wang et al., 2026), resulting in coherent varia-
tions in both observations.

7 Conclusions

This study presents coordinated observations of sodium lay-
ers, horizontal winds, and Es layers in central China on
13 June 2013, revealing complex variability in the MLT re-
gion driven by coupled dynamical and ionospheric processes.
The main conclusions are summarized as follows:

1. Multiple SSLs and ESPs were observed within a sin-
gle night, exhibiting distinct vertical motions, horizon-
tal propagation characteristics, and density structures.
These features reflect strong multi-scale variability in
the sodium layer.

2. Horizontal winds influence sodium variability through
two likely pathways. First, sodium structures are di-
rectly transported by the background wind, as evi-
denced by the alignment between sodium propagation
and zonal wind directions. Second, horizontal wind
shear modulates ion distribution through ion–neutral
coupling, thereby influencing Es evolution and sodium
production. The Es layer exhibits a downward phase
progression consistent with the tides, suggesting a pos-
sible influence of tidal variations on ion dynamics.

3. ESP1 and ESP2, together with the Es layer and asso-
ciated ion convergence regions, exhibit coherent wave-
like variations, suggesting a possible modulation by at-
mospheric gravity waves. The comparable phase speeds
between the ESP and Es layer perturbations suggest a
potential dynamical connection. However, the system-
atic altitude difference between the Es layer and ESPs
suggests a more complex relationship, which may in-
volve possible gravity wave related vertical phase vari-
ations of the Es layer and possible modulation of both
the Es layer and sodium density by gravity waves.

Overall, these results demonstrate that sodium layer vari-
ability in the MLT region is controlled by both direct dynam-
ical transport and indirect ionospheric processes. The com-
bined effects of horizontal winds, tidal forcing, and gravity-
wave-induced ion–neutral coupling may play a crucial role
in shaping the structure and evolution of sodium layers.

Data availability. The data presented in this manuscript are avail-
able at https://doi.org/10.57760/sciencedb.34682 and cited as Jia
et al. (2026).
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