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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 miles 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 modulatinge ion distribution and associated sodium production. Notably, two ESP events exhibit quasi-periodic
structures with periods of ~50—60 minutes, 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
atmosphere and the ionosphere, where complex dynamical, photochemical, and electrodynamical processes coexist. Processes
occurring in this region play a crucial role in the transport of energy and constituents throughout the atmosphere (Fritts &

Alexander, 2003; Li et al., 2007, 2022). Narrowband sodium resonance fluorescence lidar can measure MLT region
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temperature, wind, and sodium density with high temporal and spatial resolutions (She et al., 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 effectively with
sodium resonance-fluorescence lidar. The SSL was first reported by Clemesha et al. (1978). It is characterized by a rapid
enhancement of neutral sodium number density by several times within a thin vertical layer, typically less than 5 km thick
(Collions 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 pronounced temporal and spatial variability, the SSL has been widely regarded as a sensitive
tracer for probing the coupling 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 considered a
direct source of neutral sodium atoms (Von Zahn & 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 & Plane, 1998; Plane et al., 2015). Observations have reported
strong spatiotemporal correlations between SSLs and Es layers (Von Zahn & 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). Meteoric 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 using a steerable sodium lidar revealed horizontal variations in sodium
concentration (Thomas et al., 1977). Based on simultaneous measurements at three horizontally separated locations, 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 complementary instruments and demonstrated that SSL structures were horizontally advected,
with propagation velocities consistent with independently measured background winds. Similarly, using a three-directional
sodium lidar in Antarctica, 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-prepagating motion SSL event
exhibiting clear horizontal advection by the background wind field and possibly associated 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 individual 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 characteristics of multiple SSLs and enhanced sodium patterns (ESPs) occurring
within a single night by using the observations from the sodium temperature/wind lidar at the University of Science and
Technology of China (USTC). Simultaneous measurements from a meteor radar and an ionosonde located in Wuhan,
approximately 200 miles west of the lidar site, are also employed to examine the dynamical and ionospheric conditions

associated with these events. Section 2 describes the instruments and datasets, Section 3 presents the observational results,
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Section 4 explores possible sources of SSLs/ESPs, Section 5 examines the effects of horizontal winds, Section 6 discusses the

results, and Section 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, temperature,
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 signals from the two viewing
directions are collected independently by two telescopes, each with an aperture of 76 cm. With a temporal resolution of 15

min and a vertical resolution of 2 km, the lidar achieves measurement uncertainties induced by photon noise and laser locking

fluctuation of approximately 1.0 K in temperature and 1.5 m/s 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 criteria proposed by Dou et al. (2009). Specifically, an SSL must satisfy the

following three criteria: (1) the peak sodium density is at least twice the background sodium density at the same altitude and

exceeds 1000 cm™ 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 criterion has been modified to account for the high temporal resolution 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

essentially the same temporal threshold. In contrast, an ESP is defined as an obvious sodium density enhancement event that

does not satisfy one or more of the above SSL identification criteria.

The background sodium profile used for SSL identification is determined iteratively. The all-night averaged sodium density

profile is first adopted as the initial background profile. Sodium density profiles whose sodium densities exceed twice the

background value are regarded as containing SSLs and are excluded from the background calculation. The remaining profiles

are averaged to obtain an updated background profile, and the procedure is repeated until the background 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°, 114.5°), is an important radio sounding instrument for measuring
horizontal wind fields in the MLT region. The radar site is approximately 200 miles west of the USTC sodium lidar. The

system derives wind information at different altitude layers by detecting radio-wave backscatter from meteor trails. As an all-
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sky interferometric wideband radar, it provides horizontal wind measurements with a temporal resolution of about 2 h and a
vertical resolution of 3 km over an altitude 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 instrument used for vertical sounding of the ionospheric structure. It
transmits radio waves with frequencies sweeping from 1 to 30 MHz into the upper atmosphere and receives the echoes reflected
from different ionospheric altitudes, thereby deriving 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 reflection height of the Es layer derived from the ionogram. In this study, ionosonde observations with a

15-min temporal resolution 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 observed by the east and west beams of the sodium lidar during
12:30-14:30 UT, 17:00-18:30 UT, and 20:00-21:00 UT, as shown in Figures 1a and 1b. These events are hereafter referred
toas SSL1, SSL2, and SSL3. The SSL1 occurred above 100 km and exhibited an upward motion prepagation-with time. Figure
2a shows the maximum sodium density profiles of the SSL1 in the east and west beams compared with the background sodium
density. The maximum sodium density of SSL1 is 1500 cm™ at 105 km, approximately 15 times the background sodium layer
at 105 km. Similarly, Figures 2b and 2c¢ show the maximum sodium density profiles of the SSL2 and SSL3. The maximum
sodium densities of SSL.2 and SSL3 were 8,300 cm™ at 97.5 km and 12,000 cm™ at 94 km, respectively.
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Figure 1. Time-height contours of east beam sodium density (a), west beam sodium density (b), zonal wind (¢) 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.
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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.

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
125 96 km, and during 18:30-19:30 UT around 94 km. These are hereafter referred to as ESP1, ESP2, and ESP3. Figures 1c and
1d show 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.
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To further investigate the dynamical properties of the SSLs, Figures 3a and 3b show the detailed structure of SSL1 in the east
beam and west beam, respectively. Similarly, the fine structures of SSL2 and SSL3 are shown in Figure 3c-3d and Figure 3e-
3f. As shown in Figure 3, SSL1 exhibits upward_motion-prepagation, whereas SSL2 and SSL3 show downward motion
propagation, with SSL3 descending faster than SSL.2. 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.
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Figure 3. Time-height contours of SSL1 (a, b), SSL2 (¢, d), and SSL3 (e, f). The upper panels show results from the east beam, and
the lower panels show results from the west beam.

To quantify the time delay between the two beams, SSL2 is taken as an example and analyzed using the method described by
Chen et al. (2021). Figures 4a and 4b present the sodium density variations in the east and west beams during 15:00-19:00 UT.
The black dashed lines in Figures 4a and 4b indicate the altitudes of 95 km and 100 km. SSL2 persisted for approximately 2
hours, from ~16:36 to 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 (Figure 4a).
A similar but more complex structure is observed in the west beam (Figure 4b). Figures 4c and 4d present the temporal
evolution of sodium density within this height range between 95 km 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 density. The mean density in the
east beam first exceeds twice the background at 16:57 UT (Figure 4c), followed by the west beam at 17:15 UT, indicating a

time delay of ~18 min.
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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 ever-95-100 km height-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.

For the ESPs, the sodium density enhancements in Figure 1 are less pronounced than those of the SSLs. To better characterize
their dynamic properties, Figures 5a and 5b illustrate the time—height variations of ESP1 and ESP2 in the east and west beams,
respectively, while Figures 5¢ and 5d show those of ESP3. All three ESPs exhibit downward phase-motionprepagation, with
ESP1 and ESP2 descending faster than ESP3. ESP1 and ESP2 are separated by approximately 1 hour and exhibit similar phase
speeds. Both ESP1 and ESP2 appear earlier in the east beam than in the west beam. ESP3 persists longer and exhibits higher
sodium density than ESP1 and ESP2. Its peak 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.
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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, ¢) 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.

The ESPs have relatively short durations (~15 min for ESP1 and ESP2) and lower densities than the SSLs, making them

unsuitable for estimating propagation delays using the SSL method. However, their clear downward phase structures allow

estimation of propagation delays based on phase alignment. Faking ESPlas-an-example;a-dashedine-with-afixed slopeis

n thea htha cantar o ho einthe e hegam (E 2 A m ne o ed by 10 min ed to
. o o a-by d

an example, the evolution trajectory 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 (Figure 5a). The corresponding trajectory in

the west beam is approximated using a parallel dashed line. The time difference (~10 min) between the two trajectories

represents the propagation delay of ESP1. Using the same method, the delays for ESP2 and ESP3 are estimated at ~6 min 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 occurrence and evolution of the Es layer on that day. Figures 6a and 6b

present the Es layer altitude (h'Es) and critical frequency (foEs) during 11:00-21:00 UT of 13 June 2013. An Es layer was
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present from 11:00 to 18:45 UT. To facilitate direct comparison, the temporal evolution of the Es layer altitude is overplotted
on the sodium density contour in Figure 6¢. 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 appeared 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 ~2-67Jan/h+0.7 m/s. During this ascending phase, SSL1 exhibited a temporal evolution consistent
with that of the Es layer, showing clear upward prepagatien-motion with a velocity of ~2km/hr0.6 m/s (Figure 6¢). 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 minutes are required to produce sodium densities of ~1000 cm™3, consistent with the observed growth timescale of SSL1.
The close spatiotemporal correspondence between SSL1 and the Es layer, together with the compatible chemical timescale,
indicates suggests-that the Es layer may have contributed to the formation of SSL 1.the Eslayerserved-as-the primary-souree
ol SSL1:

During the second stage (14:00-16:15 UT), the Es layer altitude 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 altitudes (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 modulated by gravity
waves with a period of approximately one hour. Similarly, as shown in Figure 6¢, ESP1 and ESP2 exhibit wave-like structures
with a period of about 50 minutes, 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 during 14:15-14:45 UT and 15:30-
16:00 UT are estimated to be approximately 3 m/s. This value is very close to the phase velocity of ESP1 and ESP2 (~3.3 m/s)
derived from Figure 5a.

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

These results indicate that although SSL1 and SSL2 exhibit different phase velocities and peak densities, both were likely
generated by Es layer processes. In contrast, SSL3 represents 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 dynamical processes related to strong tidal activity (e.g., Clemesha et al., 1996), as
indicated by the large tidal amplitudes in Figure 1d. Overall, the complex variability of sodium density observed on 13 June

2013 is primarily linked to Es-layer processes.
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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.

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 summarizes the transport characteristics of two SSLs and three ESPs, excluding
SSL1. SSL1 is excluded because its transport pattern is difficult to define, and it occurred above 100 km, where lidar-derived

zonal winds have large uncertainty are-lessreliable-and corresponding meridional wind measurements from the meteor radar

are unavailable. All wind values presented 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 exceeding 30 m/s. In contrast, during the

10



occurrence of SSL3, the zonal wind reversed to an eastward direction, and SSL.3 propagated from west to east, opposite to the

other four events.

230  Table 1. Characteristics of the Propagating SSLs and ESPs

Event SSL2 SSL3 ESP1 ESP2 ESP3
Delay® (min) -18 11 -10 -6 -14
Zonal Wind (m/s) -50.5 9.73 -39.3 -30.4 -41.74
Meridional Wind (m/s) -4.986 52.3 -44.2 -36.9 5.96
Horizontal Wind (m/s) 50.7 53.2 59.1 47.7 42.1
Horizontal wind direction® (degree)  174.5 -79.5 131.7 129.4 -172.0
SSL and ESP Width (km) 6.93 55.6 37.4 41.3 15.7
Propagating distance (km) 54.8 35.1 35.5 17.2 354
SSL and ESP angle® (degree) 130.7 38.3 45.1 18.8 161.8

2Positive (negative) delay indicates that the structure appears first in the west (east) beam.

®Angles are referenced to eastward (0°), with positive values defined clockwise and negative values counterclockwise.

To further quantify the propagation characteristics of SSLs and ESPs, the zonal wind from sodium lidar and the meridional

wind measurements from the Wuhan meteor radar were combined following the method proposed by Ban et al. (2015). SSL3
235 is used as an example to illustrate the horizontal transport process (Figure 7). In Figure 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 9.73

m/s and 52.3 m/s, 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 distance along the wind vector, and the front orientation angle. For SSL3, the front orientation
240 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.
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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.

Applying the same method to SSL2 and the ESPs, the minimum horizontal scales, propagation distances, and propagation
angles of the structures are derived and summarized in Table 1. For SSL2 and ESP3, the zonal wind is approximately 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 required for simultaneous detection. Under the
present beam configuration, the estimated horizontal scales generally exceed ~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 relationship between the Es layer and horizontal winds, meteor radar data from
Wuhan on 13 June 2013 were analyzed to extract the diurnal and semidiurnal tidal components (Figure 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 Figure 8, Figure 9 presents the
reconstructed zonal wind between 11:00 and 21:00 UT, overlaid with the observed Es layer altitude (solid orange line)-and-the
same-eurveshifted-downward-by+0-dan. When small-scale fluctuations in Es height are ignored, the overall downward phase

progression of the Es layer closely matches that of the reconstructed 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. Aftershifting the Es-altitude-downward-by

0 Lk the cotary
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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.
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270  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 visual comparison only.

To further examine the role of horizontal winds in ion dynamics, ignoring the electric field force and the pressure gradient

force, the ion vertical drift induced by neutral wind can be expressed as below (Kirkwood & Nilsson, 2000):
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Where U, V, and W are zonal, meridional, and vertical wind, respectively, I is the magnetic dip angle (47.9° at Hefei), and r;
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 r; 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 vertical gradient of the ion vertical
drift (dwi,/dz) can be calculated using the zonal wind observation by the USTC sodium lidar.

Figure 10 shows the vertical gradient of the ion vertical drift (dwi,/dz). Regions of negative dwi,/dz correspond to ion
convergence, while positive dwi,/dz indicates ion divergence. 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), corresponding to
perturbations in the Es layer, with foEs reaching 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 divergence region near 98 km
weakens and changes into a convergence region, while a new divergence region forms near 103 km. This transition coincides
with the rapid downward descent of the Es layer from 110 km to 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 altitudes of 97—100 km and does not return to higher altitudes. The temporal and vertical evolution of the

Es layer is therefore consistent with the variations in the ion convergence regions.
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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 dwi/dz (ion convergence region), while warm colors indicate positive dwi/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.

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 relative roles of
neutral dynamics and ionospheric processes in the MLT region. The observations presented above indicate that horizontal
winds play an important role in shaping sodium layer variability through two coupled pathways: (1) direct transport of sodium
layer structures and (2) indirect 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 structures tend to follow
the background wind (Ban et al., 2015; Tsuda et al., 2015; Chen et al., 2021). Most previous studies, however, focused on
individual events. In this study, two SSLs and three ESPs are observed at different times, collectively spanning nearly the
entire night. Their zonal propagation 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, indicating a rapid, direct response of sodium-layer structures to changes in the background wind. These
results demonstrate 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 processes.
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 semidiurnal tidal components. The downward phase progression of the Es layer is consistent
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with that of the tidal wind, suggesting that tidal forcing modulates the vertical evolution of the ion distribution, in agreement
with previous studies (Haldoupis 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 (Figure 10), including 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 divergence in regulating ion distribution. In addition, most SSLs observed by the sodium lidar are located within ion
convergence regions (Figure 10). Consequently, regions of ion convergence 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 (Figure 5a), with periods of ~50—60 minutes, suggest modulation 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 hour (Figures 6a and 6b), accompanied by ion convergence regions near
~104-105 km (Figure 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 divergence (Haldoupis, 2011). Recent observations by Wang et al. (2026), using incoherent
scatter radar in Sanya, provide direct evidence of Es structures modulated by gravity waves. The downward phase speeds of
the ESP1 and ESP2 are 3.3 m/s, consistent with the downward phase progression of the Es layer during 14:15-14:45 UT and
15:30-16:00 UT.

In addition, when the Es layer descends to lower altitudes, the foEs can reach 8.6 MHz. Such strong foEs conditions 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 direct causal relationship uncertain.
Two possible explanations are proposed for meechanisms—may—explain-this discrepancy. First, previous observations 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 miles) between Wuhan and Hefei, it is hypothesized that gravity-wave-induced

vertical phase variations may contribute to differences in Es-layer altitude between the two locations. #-is-pessible-that-gravity-

to-lower-altitudes(~96-km),-Under this hypothesis, the Es layer over Hefei may occur at relatively lower altitudes (~96 km)

where ion—neutral chemical reactions could ean-enhance neutral sodium density and produce ESP structures. Alternatively,
gravity waves may simultaneously modulate both the sodium layer and the Es layer (Cai et al., 2017; Wang et al., 2026),

resulting in coherent variations in both observations.

7 Conclusions

This study presents coordinated observations of sodium layers, horizontal winds, and Es layers in central China on 13 June
2013, revealing complex variability in the MLT region driven by coupled dynamical and ionospheric processes. The main

conclusions are summarized as follows:
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(1) Multiple SSLs and ESPs were observed within a single night, exhibiting distinct vertical motions, horizontal 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 eeupled-pathways. First, sodium structures are directly
transported by the background wind, as evidenced 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 possible

influence of tidal variations on ion dynamics.indicatingtidal-control-ofton-dynamies.

(3) ESP1 and ESP2, together with the Es layer and associated ion convergence regions, exhibit coherent wave-like variations,

suggesting a possible modulation by atmospheric gravity waves. The comparable phase speeds between the ESP and Es layer
perturbations suggest indieate-a potential dynamical connection. However, the systematic altitude difference between the Es
layer and ESPs suggests a more complex relationship, which may involve possible gravity wave related vertical phase

variations sravity-wave-induced-vertical phaseshifts-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 variability in the MLT region is controlled by both direct dynamical
transport and indirect ionospheric processes. The combined 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.
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