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Abstract: So far, the least is known about the D-region ionosphere out of the entire ionosphere
due to the lack of a conventional detecting method and continuous data accumulation. Medium
frequency (MF) radar is an important conventional tool for understanding the D-region ionosphere
by measuring the electron density (Ne) within the height range of 60–90 km. To investigate the
statistical variation of the D-region, especially at the mid-low latitude area, this study presents the
statistical variations in the D-region Ne with the solar zenith angle (SZA), season, and altitude
observed by Kunming MF radar (25.6◦ N, 103.8◦ E) under low solar activity (2008–2009). The diurnal
variation of Ne behaves like typical diurnal changes, which are closely consistent with the SZA. The
outstanding feature, the diurnal asymmetry phenomenon, significantly appears in different seasons
and at different altitudes. The Ne has obvious semi-annual characteristics, and is larger in summer
and fall and the smallest in winter. Compared to other seasons, the variation in the Ne with altitude
is the most stable in summer. Due to the impacts of the highest SZA, the value of Ne in winter is
the smallest, with a maximum value of less than 300 electrons/cm3, and the largest in summer and
fall, with a maximum of 472 electrons/cm3. Particularly, the peaks of Ne above 76 km do not always
appear at the time when the SZA is the smallest (at noon). Both the simulations by the International
Reference Ionosphere (IRI2016) and observations using MF radar present a strong positive correlation
with solar radiation. Meanwhile, it cannot be ignored that there were still large differences between
the simulations and observations. To quantitatively analyze the differences between the observations
and simulations, the observed value was subtracted from the simulated value. The results show
that the maximum value between them was up to 350 electrons/cm3, and the minimum difference
appeared at around 72 km, with a value less than 100 electrons/cm3. However, below 66 km, the
observations were larger than the simulations, which were, on the contrary, above 76 km.

Keywords: MF radar; D-region; electron density; solar zenith angle; seasonal variation

1. Introduction

The ionospheric D-region is in the altitude range of 60–90 km, which stays in the
lowest region of the entire ionosphere. As a key area of momentum and energy coupling
between the lower and upper atmosphere, there are fully complicated photochemical and
dynamical processes in the D-region. The significant characteristic of the D-region is that
the Ne is much lower than that in the upper ionosphere [1]. In addition, there are high
proportions of multi-neutral molecules, ion clusters, and electrons in this region, resulting
in a significantly high collision frequency between the different components. Some studies
have confirmed the correlation between a significant radio wave absorption through this
region and high collision frequency, for example, called short-wave communication sudden
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interruption [2–5]. The lowest available frequency for High-frequency(HF) users is directly
related to the electron density in the D-Region [6].

In recent years, studies on the D-region ionosphere have become more and more
focused on rocket-borne [7,8], incoherent scattering radar [9,10], electric wave cross-
modulation [11], very low frequency (VLF) [12–15], etc. However, rocket and incoherent
scattering radar are not taken as routine measurements to analyze the characteristics of
Ne in the D-region due to their high costs. HF radars have also been proven reliable but
have limited their coverage at a fixed station. VLF radio signals could be utilized to obtain
the information on the equivalent reflection height of the D-region [16], while it is hard to
precisely invert the parameter Ne in the D-region [17].

With the rapid development of detecting technology, MF radar has become a significant
routine instrument to observe the Ne profile and neutral wind in the D-region, due to
its advantages of simple equipment, and convenient and unattended operation [18–23].
Igarashi et al. (2000) found that the monthly variation of Ne was slightly consistent with
the International Reference Ionosphere (IRI-95) simulations in December 1997 under low
solar activity at Wakkanai (45.36◦ N, 141.81◦ E), but that was lower than the IRI-95 model
simulations in March, June, and September in 1997 below 80 km [24]. The measured Ne
values at Poker Flat (65.1◦ N, 147.5◦ W) within the altitude range of 62–84 km were larger
than those from the IRI-95 model [24]. On the basis of observations of the Ne by Wakanai
MF radar in Japan, Zhang et al. (2003) found that the temporal variation in the lower
D-region had a good correlation with the soft X-ray flux, and the increases in the Ne for
some of the flares reached as high as 400 cm−3, while some of them only reached about
100 cm−3 [25]. Venkatesham et al. (2019) showed increases in the H′ of about 2.3 km near
the central line of totality, of 3.0 km in the region near the totality fringe, and of 2.4 to 3.0 km
in the D-region under partial eclipse [26]. Silva et al. (2021) found that daytime sudden
Ne changes registered by Arecibo’s incoherent-scatter radar during thunderstorm times
were, on average, different from those happening during fair weather conditions (driven
by other external factors). These changes typically correspond to Ne depletion in the D and
E regions, and these disturbances are different from those associated with solar flares [27].
Baumann et al. (2022) reported the Ne measurements from the Arecibo incoherent-scatter
radar being performed during sunset and sunrise conditions and found an asymmetry of
the Ne with a higher Ne during sunset than during sunrise, which extended from the solar
zenith angles of 80◦ to 100◦ [28]. Li et al. (2019) studied the Ne in the D-region observed by
Kunming MF radar (25.6◦ N, 103.8◦ E) to solar flares and found a sharp decrease from 76
to 80 km during the non-flare period to nearly 58 km with flares, and a sudden increase
from below 4 × 108 m3 in the non-flare period to 1.8 × 109 m3 during 13 M-level flares [29].
Ding et al. (2022) analyzed the characteristics of ionospheric Ne in the E-F valley based on
Qujing incoherent-scatter radar [30]. Wang et al. (2023) studied the deep learning-based
forecasting model for the peak height of the ionospheric F2 layer, the maximum usable
frequency for HF communication, and ionospheric TEC prediction [31–33]. Certainly,
studies on the atmospheric angular spectrum [34,35], mean wind [36], and wave–wave
interactions [37,38] have been conducted as a topic based on observations from MF radar.

Overall, the variation of Ne in the D-region has received little attention due to the
lack of long-term accumulated data. The Kunming MF radar has running since the year
2008, which provides great access to further understand the variability in Ne [39–42]. In
this study, we perform an analysis of the observations of Ne under low solar activity from
August 2008 to July 2009 to increase the knowledge of the characteristics in the D-region
around the Kunming area. The MF radar and data processing method are presented in
Section 2. The analysis of the Ne profiles in different seasons and different solar zenith
angles is given in Section 3. In Section 4, a discussion is presented on the variations of Ne.
Finally, the conclusion is presented in Section 5.
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2. MF Radar and Data Processing

An integrated platform for detection was built by the Chinese Research Institute of
Radio Wave Propagation (CRIRP) at Kunming Station in 2007, which includes stratosphere-
troposphere(ST) radar, meteor radar, incoherent scattering radar [41], ionosonde, lidar,
MF radar [40], etc. MF radar is used to observe the atmospheric neutral wind and Ne
profile within the altitude of 60–90 km. Its system consists of a transmitter, receiver, space
antenna, data processor, and a display system. Four mutually independent cross-dipole
antennas are arranged in an equilateral triangle to form a transceiver antenna array, in
which three antennas are arranged radially with the other at 120◦. The dipoles of each cross-
dipole antenna intersect at 90◦, which is convenient for forming right circular polarization
and left circular polarization modes. Detailed information about the radar is shown in
reference [40].

MF radar works based on the partial reflection principle. The intensity of the reflected
signal is proportional to the gradient of Ne and inversely proportional to the square of
the electromagnetic wave frequency, so that the lower the radar frequency, the stronger
the echo. However, the total reflection of the electromagnetic wave will occur at the lower
altitude if the frequency is too low, further leading to the echo at the higher altitude not
being obtained. Therefore, the frequency is usually selected between 1.8 MHz and 2.5 MHz.
For example, the frequency of Kunming MF radar is 2.138 MHz [40]. The radar alternately
runs the two modes of full correlation analysis (FCA; for the first 2 min) and differential
absorption experiments (DAEs; for the latter 1 min) to detect the atmospheric wind field
and Ne in 60–100 km, respectively. The vertical height resolution is 2 km. The specific
parameters of the DAEs are shown in Table 1.

Table 1. Main parameters of Kunming MF radar DAE observations.

Parameter Daytime Nighttime

Height Resolution 2 km 2 km
Start Range 50 km 50 km
Polarization O-mode X-mode

PRF (Hz) 80 40
Related Overlays 16 8
Sampling Points 285 285

Record Length (s) 57 57

The Ne from August 2008 to July 2009 under low solar activity was utilized in this
study to statistically analyze its variations in the ionospheric D-region. The Ne observations
between 08:00 LT and 17:00 LT were taken as available data due to the increase in ground
background noise at sunrise and sunset [40]. In addition, the Ne above 84 km increased with
the altitude rapidly due to the variability in the ionization source [42], and the Ne below
64 km was too weak with low confidence to be regarded as reliable data, so the altitude
range of 64–80 km was selected as the altitude range of reliable data. The daily value of
Ne was averaged for the analysis. In addition, the equinoxes (March and September) and
solstices (June and December) months were chosen to represent the four seasons of spring,
fall, summer, and winter, respectively.

3. Results and Comparison

There are always some missing data, especially during sunrise or sunset or other times
due to the value of Ne in the D-region being too low to be detected. To ensure the better
effectiveness and higher credibility, the observations at different heights and times must
be averaged over 30 days to obtain the average diurnal Ne. A similar data processing
method can be found in the paper [43]. Next, the hourly values were averaged to obtain
the monthly averaged diurnal Ne with a time resolution of 1 h.

Figure 1 shows the monthly average diurnal variation of the Ne in four seasons from
the year 2008 to 2009, where the X-axis means the local time in the Kunming area, and
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the values at the top of every contour plot indicate the SZA corresponding to the local
time. Figure 1a–d represents fall, winter, spring, and summer, respectively. The variation
in the SZA reflects the diurnal variation in the solar radiation. The smaller the SZA, the
stronger the solar radiation. As shown in Figure 1a, in fall, the Ne below 76 km is obviously
lower at sunrise or sunset, and larger around noon. Specifically, the Ne is lower than
100 electrons/cm3 at sunrise and sunset, while it stays at a maximum of approximately
250 electrons/cm3 at noon. The comparison shows that the Ne below 76 km has a strong
negative correlation with the SZA, indicating that the diurnal variations of the Ne below
76 km are closely consistent with solar radiation. Above 76 km, similar variabilities in
the Ne and SZA present some differences in comparison to that below 76 km. Although
the variation of the Ne above 76 km has a strong negative correlation with the SZA, these
maximums of the Ne occurred at 10 LT, 13 LT, and 15 LT, respectively, not at noon (12 LT).
At each local time, the Ne increases with the increasing height. Below 66 km, enhanced Ne
could also be seen in fall, which still implies the existing uncertain ionization sources at the
bottom of the D-region ionosphere, and the interesting investigation about them will be
further studied in future work.
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Figure 1. Contour plots of monthly average Ne observed from Kunming MF radar over the four
seasons in 2008–2009 during the daytime at 8–17 LT in the altitude range of 64–80 km. The topside
of the figure is the solar zenith angle, and the unit of Ne is electron/cm3. (a–d) shows the monthly
mean values of the Ne observed by MF radar, corresponding to September 2008 (fall), December 2008
(winter), March 2009 (spring), and June 2009 (summer), respectively. In each subplot, the abscissa is
the local time (LT), and the ordinate is the height, where the superscript is the SZA corresponding to
the season and local time.

The Ne in winter shown in Figure 1b has a stronger negative correlation with the
SZA in comparison to that in fall. The Ne value is lower in winter, with a maximum of
approximately 300 electrons/cm3, and a minimum of approximately 100 electrons/cm3

in fall. The maximum above 68 km occurs at 13 LT, not at noon. Similar to that in fall,
the additional ionization in winter occurs at sunrise and sunset. Comparing Figure 1a–d,
it was found that the diurnal variations in the Ne in spring and summer have similar
characteristics to that in fall and winter, while some differences also exist. Below 76 km, the
Ne enhances with a negative SZA and increasing height, and the maximum always occurs
at 13 LT after noon. Above 76 km, the Ne in summer, with two peaks at 10 LT and 15 LT,
is slightly larger than that in spring, which has two peaks at 12 LT and 14 LT. The main
difference among the four seasons is that three peak values of Ne above 76 km occurred in
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fall, two in spring and summer, and only one in winter. Additional ionization enhancement
below 66 km could be found in each season, which may be more significant in winter. This
phenomenon implies that the ionization sources in the D-region ionosphere are complex.

As mentioned above, the diurnal variations in the Ne in the four seasons have a strong
correlation with the solar radiation, but still show slight differences among them. Due to
the impacts of the highest SZA, the value of Ne in winter is the smallest, with a maximum
value of less than 300 electrons/cm3. The largest is in summer and fall, with a maximum
of 472 electrons/cm3. Here, it must be mentioned that the peaks of Ne above 76 km do
not always appear at the time when the SZA is the smallest (at noon). In other words, this
phenomenon is considered diurnal asymmetry, which means that the Ne value is different
when the SZA before noon is the same as that after noon [44–46]. For example, the peaks
occur at 12 LT and 14 LT in spring, at 10 LT and 15 LT in summer, and at 10 LT, 13:00 LT,
and 15 LT in fall. Rupa (2003) has reported the asymmetry in the diurnal variation in the
D-region in the Adelaide area [23].

To analyze the variability in the Ne with SZA in detail, the diurnal variation in the Ne
from the altitude of 72 to 78 km in the four seasons is shown in Figure 2. It is noted that the
Ne in winter is the smallest among the four seasons. The Ne is the second smallest during
spring, but it is similar at 13 LT and 14 LT in summer and fall at the altitudes of 72 km and
74 km, respectively. The Ne in spring at 76 km is lower than that in summer and fall until
15 LT, while at 78 km, it is lower until 11 LT. At the altitudes of 72 km and 74 km, the Ne in
fall is the largest from 10 LT to 13 LT, which is comparable to the Ne in summer at 76 km
and 78 km.
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8–17 LT. The blue, red, black, and purple solid lines indicate the diurnal variations of Ne in spring,
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respectively. The blue, red, black and purple dot solid lines correspond to spring, summer, autumn
and winter, respectively.

Furthermore, Figure 2 also shows that the occurring time of the peak Ne varies with
the altitude within the range of 72 to 78 km. Figure 2a–d shows the different altitudes
at 72 km, 74 km, 76 km, and 78 km, respectively. It is shown that the Ne at 72–74 km
reaches its maximum at 12 LT in summer, fall, and winter. The maximum values of the
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Ne at 72 km are approximately 225 electrons/cm3 in summer, 275 electrons/cm3 in fall,
and 161 electrons/cm3 in winter, respectively. Meanwhile, the maximum values of the
Ne for the corresponding seasons at 74 km are 230 electrons/cm3, 278 electrons/cm3, and
165 electrons/cm3. The peak Ne in spring is 215 electrons/cm3 at 13 LT around 72 km,
220 electrons/cm3 at 11 LT, and 204 electrons/cm3 at 13 LT around 74 km. Here, we ignore
the Ne values in winter during sunrise (8 LT) and sunset (17 LT) due to the high noise. At
altitudes of 76–78 km, there are two peaks each in spring, summer, and fall, while there
is only one peak in winter. At 76 km, the two peaks are 226 electrons/cm3 at 11 LT and
219 electrons/cm3 at 15 LT in spring, 270 electrons/cm3 at 11 LT and 234 electrons/cm3 at
16 LT in summer, 254 electrons/cm3 at 11 LT and 253 electrons/cm3 at 13 LT in fall. At 78 km,
the two peaks are 280 electrons/cm3 at 11 LT and 294 electrons/cm3 at 15 LT in spring,
340 electrons/cm3 at 10 LT and 308 electrons/cm3 at 13 LT in summer, 336 electrons/cm3

at 10 LT and 330 electrons/cm3 at 14 LT in fall.
The comparison during the four seasons shows that the Ne in winter is lowest at each

altitude and the Ne in spring is always lower than that in summer and fall. The Ne in fall
at 72 km is significantly larger than that in summer between 10 LT and 14 LT, and Ne in fall
at 74 km is also larger than that in summer between 10 LT and 13 LT.

To compare the seasonal variation in the Ne with height, we first averaged the hourly
value within one season at each height to obtain the height profiles of the seasonal average,
as shown in Figure 3. In the four seasons, the Ne in winter is the lowest at each height,
except for that value at 66 km. The Ne in spring is almost smaller than that in summer and
fall except for at 64 km and 80 km, and larger than that in winter at each height except
for the value at 66 km. With the increasing height, the Ne in winter and spring appears
to decrease below 66 km, and then increases until the height of 70 km. Above 70 km,
Ne decreases weakly again and then increases rapidly above 78 km. The Ne in summer
enhances almost linearly with increasing height and is lower than that in fall below 68 km
and above 76 km. The Ne in winter decreases first below 66 km and increases until 72 km,
then decreases in the height 72–76 km, and finally increases again above 76 km.

Atmosphere 2023, 14, 1764 6 of 13 
 

 

maximum at 12 LT in summer, fall, and winter. The maximum values of the Ne at 72 km are 
approximately 225 electrons/cm3 in summer, 275 electrons/cm3 in fall, and 161 electrons/cm3 
in winter, respectively. Meanwhile, the maximum values of the Ne for the corresponding 
seasons at 74 km are 230 electrons/cm3, 278 electrons/cm3, and 165 electrons/cm3. The peak 
Ne in spring is 215 electrons/cm3 at 13 LT around 72 km, 220 electrons/cm3 at 11 LT, and 204 
electrons/cm3 at 13 LT around 74 km. Here, we ignore the Ne values in winter during sunrise 
(8 LT) and sunset (17 LT) due to the high noise. At altitudes of 76–78 km, there are two peaks 
each in spring, summer, and fall, while there is only one peak in winter. At 76 km, the two 
peaks are 226 electrons/cm3 at 11 LT and 219 electrons/cm3 at 15 LT in spring, 270 elec-
trons/cm3 at 11 LT and 234 electrons/cm3 at 16 LT in summer, 254 electrons/cm3 at 11 LT and 
253 electrons/cm3 at 13 LT in fall. At 78 km, the two peaks are 280 electrons/cm3 at 11 LT and 
294 electrons/cm3 at 15 LT in spring, 340 electrons/cm3 at 10 LT and 308 electrons/cm3 at 13 
LT in summer, 336 electrons/cm3 at 10 LT and 330 electrons/cm3 at 14 LT in fall. 

The comparison during the four seasons shows that the Ne in winter is lowest at each 
altitude and the Ne in spring is always lower than that in summer and fall. The Ne in fall 
at 72 km is significantly larger than that in summer between 10 LT and 14 LT, and Ne in 
fall at 74 km is also larger than that in summer between 10 LT and 13 LT.  

To compare the seasonal variation in the Ne with height, we first averaged the hourly 
value within one season at each height to obtain the height profiles of the seasonal aver-
age, as shown in Figure 3. In the four seasons, the Ne in winter is the lowest at each height, 
except for that value at 66 km. The Ne in spring is almost smaller than that in summer and 
fall except for at 64 km and 80 km, and larger than that in winter at each height except for 
the value at 66 km. With the increasing height, the Ne in winter and spring appears to 
decrease below 66 km, and then increases until the height of 70 km. Above 70 km, Ne 
decreases weakly again and then increases rapidly above 78 km. The Ne in summer en-
hances almost linearly with increasing height and is lower than that in fall below 68 km 
and above 76 km. The Ne in winter decreases first below 66 km and increases until 72 km, 
then decreases in the height 72–76 km, and finally increases again above 76 km. 

 
Figure 3. The height profiles of midday Ne in the four seasons in the altitude range of 64–80 km. 
The blue, red, black, and purple solid lines indicate the diurnal variations in Ne in spring, summer, 
fall, and winter, respectively. 

The International Reference Ionosphere (IRI) [47–49] is an empirical (data-based) 
model representing the primary ionospheric parameters based on the long data record 
that exists from ground and space observations of the ionosphere. The core model de-
scribes the monthly averages of the electron density, electron temperature, ion tempera-
ture, and ion composition globally in the altitude range of 60 to 2000 km [50]. The IRI can 

100 150 200 250 300 350 400

Ne (/cm3)

64

66

68

70

72

74

76

78

80

Spring
Summer
Fall
Winter

SZA=27.6

SZA=48.64
SZA=2.43

SZA=22.6

Figure 3. The height profiles of midday Ne in the four seasons in the altitude range of 64–80 km. The
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The International Reference Ionosphere (IRI) [47–49] is an empirical (data-based)
model representing the primary ionospheric parameters based on the long data record that
exists from ground and space observations of the ionosphere. The core model describes the
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monthly averages of the electron density, electron temperature, ion temperature, and ion
composition globally in the altitude range of 60 to 2000 km [50]. The IRI can simulate the
ionospheric variation in the D-region. The simulated Ne by IRI2016 is shown in Figure 4,
with the same period as shown in Figure 1. The diurnal variation in the simulated Ne
increases strictly with the decreasing SZA, which is greatly different from the observations.
Certainly, the diurnal asymmetry could not be seen in the simulations. Also, the simulated
Ne linear increases strictly with the altitude in all seasons, which is quite different from
the observations. In general, the simulated values of the Ne by IRI2016 are larger than the
observations. Below 66 km, the simulations show no additional ionization. The simulated
Ne by IRI2016 in the four seasons shows that its value is larger in spring and summer,
and the second largest in fall, which behaves similarly to the MF radar observations.
Also, the IRI2016 simulation results are larger than the measured results by MF radar. For
example, the simulated maximum value of Ne is 517 cm3 in fall, 438 electrons/cm3 in winter,
540 electrons/cm3 in spring, and 550 electrons/cm3 in summer. Another comparison
among the four seasons in the simulations shows that a larger value above 80 km lasts the
longest in summer and the shortest in winter, which also suggests that the disturbance of
the D-region is greatly affected by the annual variation in solar radiation [46].
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Figure 4. The same as Figure 1, but for IRI 2016 simulations. (a–d) shows the simulated Ne cor-
responding to September 2008 (fall), December 2008 (winter), March 2009 (spring), and June 2009
(summer), respectively. The axis annotation is the same as in Figure 1.

In order to present the difference between the MF observations and IRI2016 simula-
tions, we compared the height profile of Ne between them, which is presented in Figure 5.
The red solid line indicates the observations, and the black dashed line denotes the simula-
tions. Figure 5a–d corresponds to the four seasons, as in Figures 1 and 4. For all seasons, the
IRI2016 results show a linear enhancement with the altitude, while the observations exhibit
an increase–decrease–increase process. Comparing them reveals that the simulations are
larger than the measurement in fall above 72 km, winter above 68 km, spring above 70 km,
and summer above 70 km. It is indicated that the ionized depletion above ~70 km and the
ionized sources below ~70 km may be not considered in the IRI2016 simulation.



Atmosphere 2023, 14, 1764 8 of 13
Atmosphere 2023, 14, 1764 8 of 13 
 

 

 
Figure 5. Four seasonal Ne height profiles at noon (red solid line) and comparison with IRI2016 
model (black curve) in the altitude range of 64–80 km. (a–d) shows the monthly mean Ne at noon 
(12 LT) corresponding to September 2008 (fall), December 2008 (winter), March 2009 (spring) and 
June 2009 (summer), respectively. The red solid line is the measured Ne by Kunming MF radar, and 
the black curve is the simulated Ne by IRI2016.  

To quantitatively analyze the differences between the observations and simulations, 
the observed value was subtracted from the simulated value to obtain a matrix of differ-
ence, which is shown in Figure 6. Figure 6 shows the differences in the four seasons. It is 
clear that the observations are comparable with the simulations within the height range 
of 68–72 km in the four seasons. However, the difference between them grows with in-
creasing height, with the value as high as 350 electrons/cm3 around 78 km, for example, in 
spring. Additionally, the difference between them becomes smaller at sunrise (9 LT) and 
sunset (16 LT), which denotes that the observed Ne increases at that time due to the pos-
sible changes in the ionization sources. Below 66 km, the observed Ne is significantly 
larger than the simulated Ne, which could be explained by Figure 1. In fact, there exists 
some extra ionization sources below 66 km, which are not well known by people. For 
instance, the observed Ne is larger than the simulated Ne frequently during sunrise and 
sunset in winter, with a maximum of 350 electrons/cm3. Meanwhile, some extra ionized 
Ne shown in Figure 1 can be seen in winter, but no such extra ionization exists in the 
simulation shown in Figure 4. In fall, extra ionization sources appear in daytime. It can be 
seen that the maximum and minimum differences at 66 km in fall appear at 15 LT and 17 
LT with values of 170.94 electrons/cm3 and 51.52 electrons/cm3, respectively. The maxi-
mum and minimum differences at 72 km are 85.06 electrons/cm3 and 12.25 electrons/cm3, 
occurring at 8 LT and 12 LT, respectively. At 78 km, the maximum and minimum are 219.9 
electrons/cm3 at 13 LT and 72.65 electrons/cm3 at 15 LT, respectively. The smallest differ-
ence occurs at 72 km, which means that the simulated values are close to the measured 
values around 72 km. But at other heights, the simulation deviates further and further 
from the observation. For instance, the deviation is about 220–265 electrons/cm3 at 78 km, 
and as high as 350 electrons/cm3 at 64 km. 

0 200 400 600
65

70

75

80

September 2008

(a)

0 100 200 300 400
65

70

75

80

December 2008

(b)

0 200 400 600
Ne (/cm3)

65

70

75

80

March 2009

(c)

0 200 400 600
Ne (/cm3)

65

70

75

80

June 2009

(d)

Figure 5. Four seasonal Ne height profiles at noon (red solid line) and comparison with IRI2016
model (black curve) in the altitude range of 64–80 km. (a–d) shows the monthly mean Ne at noon
(12 LT) corresponding to September 2008 (fall), December 2008 (winter), March 2009 (spring) and
June 2009 (summer), respectively. The red solid line is the measured Ne by Kunming MF radar, and
the black curve is the simulated Ne by IRI2016.

To quantitatively analyze the differences between the observations and simulations,
the observed value was subtracted from the simulated value to obtain a matrix of differ-
ence, which is shown in Figure 6. Figure 6 shows the differences in the four seasons. It is
clear that the observations are comparable with the simulations within the height range of
68–72 km in the four seasons. However, the difference between them grows with increasing
height, with the value as high as 350 electrons/cm3 around 78 km, for example, in spring.
Additionally, the difference between them becomes smaller at sunrise (9 LT) and sunset
(16 LT), which denotes that the observed Ne increases at that time due to the possible
changes in the ionization sources. Below 66 km, the observed Ne is significantly larger
than the simulated Ne, which could be explained by Figure 1. In fact, there exists some
extra ionization sources below 66 km, which are not well known by people. For instance,
the observed Ne is larger than the simulated Ne frequently during sunrise and sunset in
winter, with a maximum of 350 electrons/cm3. Meanwhile, some extra ionized Ne shown
in Figure 1 can be seen in winter, but no such extra ionization exists in the simulation shown
in Figure 4. In fall, extra ionization sources appear in daytime. It can be seen that the maxi-
mum and minimum differences at 66 km in fall appear at 15 LT and 17 LT with values of
170.94 electrons/cm3 and 51.52 electrons/cm3, respectively. The maximum and minimum
differences at 72 km are 85.06 electrons/cm3 and 12.25 electrons/cm3, occurring at 8 LT
and 12 LT, respectively. At 78 km, the maximum and minimum are 219.9 electrons/cm3

at 13 LT and 72.65 electrons/cm3 at 15 LT, respectively. The smallest difference occurs at
72 km, which means that the simulated values are close to the measured values around
72 km. But at other heights, the simulation deviates further and further from the observa-
tion. For instance, the deviation is about 220–265 electrons/cm3 at 78 km, and as high as
350 electrons/cm3 at 64 km.
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4. Discussion

In addition to solar radiation extreme ultraviolet rays, the ionization sources in the D-
region include Lyman-a rays, X-rays, cosmic rays, etc., among which the ionization sources
around 60 km are mainly X-rays, cosmic rays, Lyman-a rays, and high-energy particle
precipitation. The sudden enhancement of the average seasonal Ne below 66 km shown in
Figure 1 implies that additional ionization probably occurs around this altitude, which may
be related to the complex ionization sources in the D-region. Figure 1 also presents another
important feature of the Ne, which is called daily asymmetry. The meaning of asymmetry
is that the Ne before noon is significantly different from the Ne after noon, corresponding
to the same SZA.

Numerous studies have reported the asymmetry of Ne variability by using rocket
soundings and ground-based measurements. Chakrabarty et al. (1983) reported that the
peak Ne was observed by the partial reflection technique at Park Site, Saskatoon (52◦ N)
in the mesosphere [45]. It was found that an asymmetry in the diurnal variation of Ne
existed in each season in the altitude range of 76–82 km. Moreover, in summer and spring,
the Ne reached a maximum of about 1 h after local noon, while in winter and fall, the
maximum occurred about 1 h before local noon. Haug et al. (1970) analyzed the Ne derived
from the partial reflection method during the solar eclipse of 20 May 1966. They found
that the maximum of the asymmetry occurred two hours after noon in May 1966 at 80 km,
but no significant asymmetry occurred in the fall of 1964 and 1965 [51]. During the same
period, the asymmetry phenomenon was very prominent in the early spring and summer
at Ottawa Station (45◦ N). The diurnal asymmetry of the Ne over Urbana (40◦ N) was
manifested as an anomalous enhancement in the morning [52]. These early studies indicate
that there is some regional variability in the dayside maximum of Ne at different heights
and over different seasons.

According to the electron continuity equation, the variability of the Ne contains
two parts, including the changes in the electron production rate (related to the strength
of the ionization sources) and those in the electron recombination rate (related to the
collision frequency). When the ionization sources are slightly stable, the effect of the
collision frequency must be taken into account, which is usually affected by the atmospheric
temperature. Some studies have reported that the temperature variations may be associated
with the diurnal variation in the gravity waves with the period from 5 min to several
hours [53]. In addition, the variation in temperature may also be related to the atmospheric
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tides. Narayanan (1981) pointed out that the diurnal variation of the temperature in the
altitude range of 75–80 km was within the range of 15–20 K [54]. However, few proofs are
yet to be considered to explain the phenomenon of asymmetry in the diurnal variation of
Ne. The details of daily asymmetry will be investigated in further work.

Siskind et al. (1997) have pointed out the presence of ionization anomalies with a
two-dimensional chemical transport process model, including the NO transport term [44].
Nevertheless, the unusual enhancement of the Ne in winter at sunrise and sunset within
the altitude range of 66–70 km could not be explained clearly. A similar phenomenon
was observed by the Buckland Park MF radar [24], but multiple data are still required for
further study.

Additionally, the seasonal Ne varies significantly. For example, at 12 LT, the solar
zenith angles are 27.6◦, 2.4◦, 22.6◦, and 48.6◦ in spring, summer, fall, and winter, respectively.
As known, the value of SZA represents the strength of solar radiation, which may be the
main reason for the smallest Ne in winter. The simulations shown in Figure 4 indicate
that the IRI model cannot provide highly accurate simulation results on the D-region. In
addition, the height profiles of the average seasonal Ne show that the impact of solar
radiation on Ne becomes more significant with higher altitudes.

Currently, most studies on the Ne in the D-region are based on VLF long-wave
reception experiments [13–17,55,56]. For example, Igman [14] analyzed the VLF radiation
signal by using the received NAA (24 kHz) during solar flares and reported that VLF
amplitude enhancement is related to the solar X-ray flux measured by the GOES-12 satellite.
Qin et al. (2015) inverted the D-region equivalent reflection height based on the VLF
radiation signals generated by lightning at Mengcheng and Hefei Stations on 7 July 2012 [55].
The method, based on the VLF reception experiment, can perfectly invert the effective
reflection height of the D-region and calculate the Ne by the Wait and Spies (WS) model [17].

To examine the reliability of the MF radar observations, we compare the observations
from MF radar and those reversed by a lightning-generated VLF long-wave signal. Figure 7
depicts the D-region ionospheric equivalent reflection height from the VLF long-wave
signal generated by lightning system(left) and MF radar(right) on 13 July 2016, at Kunming
Station. It is clearly shown that the height range of the equivalent reflection height reversed
by the VLF signal stays at 74–76 km during daytime and at 90–97 km during nighttime. The
height range derived from MF radar stays at 64–80 km during daytime and at 88–100 km
during nighttime. To summarize, the two methods to obtain the D-region ionospheric
equivalent reflection height range maintain good agreement, which directly demonstrates
that the MF radar observations are greatly reliable.
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by Kunming MF radar.
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5. Conclusions

So far, there are two main methods to detect the D-region ionosphere—VLF experi-
ments and MF radar. The data obtained by VLF experiments are usually used to analyze
the response of the equivalent reflection height in the D-region ionosphere to large solar
flares. MF radar is a convenient instrument to achieve routine observations of the Ne in the
D-region ionosphere. In this paper, the Ne values from 64 to 80 km under low solar activity
(2008–2009) observed by Kunming MF radar were used to analyze and discuss the diurnal,
seasonal, and altitudinal variations. The meaningful results are listed as follows.

i. The diurnal variation in the Ne was larger around noon and smaller around sunrise
and sunset. Meanwhile, the Ne had a strong negative correlation with the solar zenith
angles, which was also presented in the simulation results by IRI2016. But the Ne
observed by Kunming MF radar showed significant diurnal asymmetry, which existed
in all the seasons. Moreover, in summer and spring, the Ne reached a maximum of
about 2 h before noon, while the maximum occurred about 1 h after noon in winter and
2 h after noon in fall. This asymmetry phenomenon cannot be seen in the simulated
Ne by IRI2016.

ii. The seasonal feature was different below and above 74 km. Below 74 km, the Ne
value was largest in fall, followed by summer, but the Ne value was largest in summer,
followed by fall above 76 km, which may be attributed to the main ionization source
being solar radiation above 76 km and Lyman-α rays.

iii. The results of the IRI2016 are 1–2 times larger than the measured data, and show a
completely negative correlation with the solar zenith angle. The difference between
them shows that the closest magnitude occurred in the height range of 66–70 km,
and the maximum of difference was as high as 350 electrons/cm3, appearing around
78 km and 64 km. The IRI2016 model cannot perfectly describe the changes in the
D-region ionosphere.

These results suggest that solar radiation can strongly affect the diurnal, seasonal,
and altitudinal variations in the Ne in the D-region. There are still some phenomena that
cannot be explained clearly in the variations in the Ne detected by MF radar, and more
observations and model simulations are needed to support the follow-up work.
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