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Abstract: The low-altitude quasi-periodic (LQP) E-region echoes observed with the upgraded Hainan
COherent scatter Phased Array Radar (HCOPAR) located in Hainan Island of China (19.5°N, 109.1°E) are
presented. With the interferometry technique, the interferometry equations can be developed to investigate the
structures of the irregularities. The results show that the plasma structures of the LQP echoes with negative
slope mainly drifted southwestward almost horizontally, but they also drifted southeastward in some
striations. According to the movement of the plasma structures, we find strong wind shear in the region where
the LQP echoes were produced. Meanwhile, The periodicity of the LQP echoes may be related to the strength
of the wind shear. It is proposed that the plasma structures are most likely produced by the Kelvin-Helmholtz
instability (KHI).

Keywords: low-latitude ionosphere; LQP echoes; plasma instability

1. Introduction

Ionospheric E-region irregularities are the plasma structures arranged along magnetic field lines
generated by the plasma instability process in the E-region. Due to the field-aligned property of the
irregularities, the backscattered echoes of the E-region irregularities observed by the VHF radar often
show some spacial patterns in the range-time-intensity (RTI) plot. It reflects the changes in the
morphological and dynamic characteristics of the irregularities. The cause of quasi-periodic (QP)
echoes has attracted a lot of attention. Yamamoto et al. first reported the QP echoes in mid-latitudes,
which generally appeared after sunset with a period of 5-10 min and occurred at altitudes greater
than 100 km [1]. Urbina et al. and Rao et al. first reported the QP echoes with altitudes below 100 km
in the low and middle latitudes respectively [2-3]. They are named Low-altitude Quasi-period (LQP)
echoes in order to distinguish them from typical QP echoes. Subsequently, LQP echoes have received
attention from related scholars, and these echoes have been reported at both mid- and low- latitudes
[4-10].

Fewer LQP echo events are observed in mid-latitudes, and the echo power is significantly lower
than that of typical QP echoes above 100 km [3]. The more LQP events are observed at low-latitudes
and the echo power is close to the typical QP echoes above 100 km, which suggests the LQP echoes
are more beneficial to be generated at low-latitudes. In addition, case and statistical studies in the
Gadanki area have shown that the daytime and nighttime occurrence rates of the LQP echoes are
close, which is not consistent with the higher occurrence rate of typical QP echoes at night [9, 11]. The
E-region continuous echoes [12], valley region irregularities [13, 14], and QP echoes [15-17] are also
studied in the low latitude Hainan region of China. However, The corresponding studies of LQP
echoes in low-latitudes of China are still relatively few.

In this paper, by using the interferometry technique with the upgraded Hainan COherent scatter
Phased Array Radar (HCOPAR), we will observe the plasma patches drifting in the illuminating
region, which is responsible for the LQP striations. In addition, the HCOPAR has a high range
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resolution (~178 m) and a high temporal resolution (20 s). We hope to understand more clearly the
characteristics of the LQP echoes with the help of the upgraded HCOPAR. The observation results of
LQP echoes and the discussion are presented in Section 2. Conclusions are given in Section 3.

2. Observations and Discussion

The HCOPAR is located at Fuke, northwestern of Hainan Island of China (19.5°N, 109.1°E),
which is marked with an triangle in Figure 1(a). The operating frequency of the radar is 47 MHz with
the peak power of 54 kHz. As shown in array A in Figure 1(b), the initial antenna array of the
HCOPAR consists of 72 linearly polarized Yagi antennas arranged in an 18x4 matrix. The Yagi
antennas are mounted at an inclination of 62.5° to the ground, so that the beam is perpendicular to
the magnetic field lines in the ionosphere. The half power beam width (HPBW) of the beam is 4.6° in
azimuth direction and 21.7° in elevation direction [18]. After upgrading in 2020, array B and array C
arranged in an 9x4 matrix were added, and the two arrays were only used to receive the echoes. The
array A was used for transmission as well as reception, and the array B and C were employed only
for reception. The space between the Yagi antenna elements is 0.7 wavelength. The phase center of
array B is located 26.9 m northwest of array A, and the phase center of array C is located 40.2 m east
of array B. With the interferometry technique, the angle of the meter-sclae irregularities can be
measured in the illuminating region [19]. According to the layout of the antenna array, the
interferometry equations for the HCOPAR can be developed to investigate the structures of the
irregularities. It has been applied to study the daytime F-region irregularities with interferometry
technique in low latitudes of China [20].
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Figure 1. (a) The location and (b) the layout of the antenna array of the upgraded HCOPAR.

Figure 2(a) shows the height-time-intensity (HTI) plot of the observed echoes by the HCOPAR
during 15:00-19:00 LT on March 12, 2020. Because of the high magnetic aspect angle sensitivity of
field-aligned irregularities (FAI) [21], the height information is obtained by multiplying the distance
by the cosine (cos 29.75°) of the magnetic inclination of the E-layer in this region. The radar was
operated with 178 m range resolution and 10 s temporal resolution, and the fine variation of the FAIs
at the spatial and temporal scales can be observed. As shown in Figure 2(a), there are two obvious
LQP events. The first event is observed during 16:15-16:30 LT in the altitude range of 93.5-97 km, and
the LQP structures has periods of about 64 s and mean SNR of 15 dB. The second event is observed
during 18:00-18:50 LT in the altitude range of 91.5-95.5 km, and the LQP structures has periods of
about 100 s and mean SNR of 13.6 dB.
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Figure 2. (a) The HTI plot of the observed echoes by the HCOPAR during 15:00-19:00 LT on March
12, 2020. (b) Examples of the Doppler spectra, coherence and phase of the echoes at the range of 110
km during 16:17:10-16:17:30 LT.

The pulse repetition frequency (PRF) of the radar is 200 Hz, and the non-coherent integration is
2. Thus, a group of 512 data points corresponds to data lengths of 5.12 s. The repetition period of the
cycle is 20 s for data acquisition and signal processing. The 128 points of complex spectra were
utilized to get the Doppler spectra for each channel. Before the spectrum analysis with the fast Fourier
transform (FFT), the 512 complex data points within 20 s were divided into four parts. The Doppler
spectra of each receiver is analyzed two by two for the correlation spectra, the four integrations were
averaged to obtain the normalized correlation spectra. Taking the echoes at the range of 110 km
during 16:17:10-16:17:30 LT as an example, Figure 2(b) shows the Doppler spectra and cross spectra
for the three channels. The top panels show the Doppler spectra for each channel. The positive
Doppler frequency denotes the target close to the radar. The middle and bottom panels show the
coherence and phase of the same data. It can be found from Figure 2(b) that the phases are very close
and concentrated around the spectral peak when the coherence is high, and phases with lower
coherence have a random distribution. The spectral components with high coherence indicate the
echoes from different channels come from the same scattering region. To ensure the quality of the
echo reconstruction, the data with coherence greater than 0.8 and the phase difference of the three
channels less than 3° are employed for the interferometry analysis, and the red points in the middle
and bottom panels of Figure 2(b) meet the requirements.

To further understand the characteristics of LQP echoes, we discussed the overall spatial
distribution of the irregularities. The phase spectrum of each data set is extracted, and the echo points
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that meet the above requirements are screened. After the phase correction, the points are projected
on the mutually orthogonal planes to represent the echo regions. Figure 3(a) shows the echoes during
16:15-16:30 LT and 18:00-18:50 LT projected in the vertical plane by the vertical and north-south axes,
where the solid lines on the left and right indicate the elevation angles of 61.35° and 59.05°
respectively. The red and blue points represent the echoes during 16:15-16:30 LT and 18:00-18:50 LT
respectively. The echo region during 16:15-16:30 LT has the scale of about 5 km in the north-south
dimension and about 2 km in the vertical dimension, which looks like a parallelogram in space. It
indicates that the irregularities move in the north-south direction regularly. The echo region during
18:00-18:50 UT has the scale of about 3 km in the vertical dimension, which is an irregular shape in
space. The abnormal region is highlighted by black dashed lines, and it indicates that there are
irregularities moving abnormally. Meanwhile, we find that the LQP structures are distributed in
strips, which indicates the LQP structures are distributed along the magnetic lines. Figure 3(b) shows
the projections of the echoes in the horizontal plane, where the solid lines on the left and right indicate
the azimuth angle of -3.5° and 3.5° respectively. Different from the oblique stripes in Figure 3(a), the
echoes are randomly distributed in the region with the scale of about 8 km in east-west dimension.
Most of the echoes have the azimuth angles within 7°, which is larger than the half-power width of
the main lobe (4.6°). Therefore, there are some echoes are received by the side lobe of the antenna.
The echo regions during 16:15-16:30 LT and 18:00-18:50 LT are almost overlapping in the horizontal
plane, which indites that the irregularities in the two time periods are generated in the same region.
Figure 3(c) shows the echoes projected in the vertical plane by the vertical and east-west axes. The
echoes regions during during 16:15-16:30 LT and 18:00-18:50 LT have almost the same scales in the
north-south dimension and vertical dimension, except the abnormal region highlighted by black
dashed lines in the height range of 91.8-93 km. The height is the same as that of the abnormal region
in Figure 3(a), and we will discuss the anomaly region further.
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Figure 3. (a) The echoes during 16:15-16:30 LT and 18:00-18:50 LT projected in the vertical plane by
the vertical and north-south axes. (b) The echoes projected in the horizontal plane by the north-south
and east-west axes. (c) The echoes projected in the vertical plane by the vertical and east-west axes.

Figure 4(a) shows the LQP echoes observed during 16:15-16:30 LT. There are 14 significant LQP
striations, with a height extension of 1 to 2 km, and a period of about 64 s. The event lasted about 15
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minutes, and all the striations had a negative slope. During the SEEK-2 campaign, the comparison of
echoes obtained by the LTPR and the FAR revealed that echoing regions drifted with a southward
velocity component, and the interferometry observation of the LTPR revealed that the negative range
rate of the QP striations corresponded to an westward velocity component for the moving echoing
regions [22]. Urbina et al. showed the backscattering regions drifted in the westward direction [7],
but Pan et al. found a northwest to southeast drifting motion dominates within a preferential area
[8]. To confirm what is happened for the LQP structures, we tracked the positions of the LQP
striations. The spatial structure of the LQP striations are reconstructed depending on the angular
positions of the FAIs in the echoing region. To distinguish the state of each striation, we selected
different colors to represent the spatial distributions of the irregularities at different times, and the
arrows indicate the drifting direction of the LQP structures. Figure 4(b) shows the continuous
changes of the spatial distributions for typical traces 1, 2 and 3 on the orthogonal planes. The plasma
structures in traces 1, 2 and 3 moved southward at the trace velocity of about 44.0, 41.6, and 51.5 m/s
respectively. The plasma structures in traces 1, 2 and 3 moved downward at the trace velocity of
about 8.3, 11.0, and 10.9 m/s respectively, so they moved at an almost constant altitude. The plasma
structures in traces 1, 2 and 3 moved westward at the trace velocity of about 26.8, 38.0, and 62.3 m/s
respectively. Therefore, the LQP structures in the three traces drifted southwestward almost
horizontally. Due to the high aspect sensitivity, the plasma structures can only be observed in the
elevation range of 59.05°-61.35°, so the plasma structures drifted into and out of the radar volume to
form the LQP striations in the HTI plot.
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Figure 4. (a) The LQP echoes observed during 16:15-16:30 LT. (b) The continuous changes of the
spatial distributions for traces 1, 2 and 3 on the orthogonal planes.

Figure 5(a) shows the LQP echoes observed during 18:00-18:50 LT. There are 25 significant LQP
striations, with a height extension of 1 to 3 km, and a period of about 96 s. The event lasted about 40
minutes, and all the striations had a negative slope. Figure 5(b) shows the continuous changes of
the spatial distributions for typical traces 4, 5 and 6 on the orthogonal planes. The plasma structures
in traces 4, 5 and 6 moved southward at the trace velocity of about 45.1, 53.9, and 50.1 m/s
respectively. The meridional velocity is close to the observation during 16:15-16:30 LT, which
indicates the meridional wind was almost constant. As shown in Figure 5(b), The plasma structures
in trace 4 drifted westward at the trace velocity of about 60.0 m/s, which is similar to traces 1, 2 and
3. However, the plasma structures in trace 5 and 6 drifted eastward at the trace velocity of about 0.3
and 15.4 m/s respectively. Therefore, the latitudinal motion of the plasma structures in the striations
during 18:00-18:50 LT is more complex. According to what has been discussed above, the plasma
structures in the striations with negative slope mainly drifted southwestward, but they also drifted
southeastward in some striations. It indicates that there was less variation in meridional winds, and
more variation in latitudinal winds. Therefore, the abnormal region in Figure 3 was mainly induced
by the eastward plasma structures.
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Figure 5. (a) The LQP echoes observed during 18:00-18:50 LT. (b) The continuous changes of the
spatial distributions for traces 4, 5 and 6 on the orthogonal planes.
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According to the changes of the spatial distributions for each striation, the mean projection
velocities in the latitudinal, and meridional directions of different striations can be calculated. Figure
6(a) shows the results during 16:15-16:30 LT, and Figure 6(b) shows the results during 18:05-18:40 LT.
The red, and blue dots and lines indicate latitudinal, and longitudinal velocities respectively, and the
lines are the results of fitting the points. It should be note that some striations with low SNR were
deleted. The mean latitudinal velocities of the striations during 16:15-16:30 LT and 18:05-18:40 LT
were 45.3 m/s and 46.6 m/s, and the mean latitudinal velocities were 31.0 m/s and 13.3 m/s. The
meridional velocities were closer in the two time periods, while the differences in latitudinal
velocities were larger. The similarity in the morphology of the LQP echoes in these two time periods
was the negative slope, while the difference was the periodicity. Therefore, the southward wind
might induce the negative slope. It is consistent with the statistical analysis of Chen et al. [16]. The
latitudinal wind might be an important cause of the different periodicity in these two time periods.
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Figure 6. The mean projection velocities in the latitudinal and meridional directions of the striations
during (a) 16:15-16:30 LT and (b) 18:05-18:40 LT. The height variations of the plasma structures’
latitudinal velocities during (c) 16:15-16:30 LT and (d) 18:05-18:40 LT.

In order to gain a deeper understanding of the LQP echoes generation mechanism, we further
analyzed the data. Figure 6(c) and Figure 6(d) displays the height variations of the plasma structures’
latitudinal velocities during 16:15-16:30 LT and 18:05-18:40 LT. The trace velocity of the patch reflects
the the background wind velocity in the collision dominated lower E-region (<100 km). As shown in
Figure 6(c) and Figure 6(d), there are significant shears in the latitudinal velocities of the plasma
structures. The shear during 16:15-16:30 LT was 101 (m/s)/km , and the shear during 18:05-18:40 LT
was 50 (m/s)/km. The results indicate that there were the neutral wind shears in the region where the
LQP echoes were produced, and the wind shear during 16:15-16:30 LT was larger than that during
18:05-18:40 LT. In previous studies, researchers have generally assumed that the neutral wind shear
driven Kelvin-Helmholtz instability (KHI) accounts for the LQP echoes [10]. The result is consistent
with the assumption. The long-lived metallic ions from meteor ablation and deposition are converged
by the wind shear to from the thin layer under the effect of the Earth's magnetic field [23]. When the
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Richardson number Ri is <0.25, the thin layer becomes unstable for KHI [24]. The KH billows
associated with the instability produce the horizontal plasma density structures [5]. The plasma
density structures embedded in the background wind can produce the QP striations, when they drift
into and out of the radar volume. Pan et al. reported that the striation periodicity of the QP echoes
was related to mean velocity in the unstable shear layer, i.e., the range rate velocity [25]. We found
the velocity shear during 16:15-16:30 LT was twice that during 18:05-18:40 LT, while the striation
periodicity during 16:15-16:30 LT was half that during during 18:05-18:40 LT. It means that the
striation periodicity is inversely related to the wind shear. Therefore, the periodicity of the striations
is more likely related to the strength of the wind shear.

3. Conclusions

We have presented the high resolution measurements of the LQP echoes with the upgraded
HCOPAR. The LQP echoes with a negative slope is mainly induced by the southward drifting plasma
structures. The periodicity of the LQP echoes is more likely related to the strength of the wind shear.
The KHI may produce the horizontal plasma density structures resulting in the LQP echoes.
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