
1.  Introduction
A few hundred tons of cosmic dusts and meteoroids come into the Earth's atmosphere a day (Murad & Wil-
liams, 2002). When a meteoroid penetrates into the atmosphere, its surface is heated up by collision between 
the meteoroid and the neutral atmosphere. Given its high entry velocity, the surface temperature of an incoming 
meteoroid reaches the boiling point and the surface is ablated. In the ablation process, the surface temperature is 
increased to ∼1850 K, producing a cylindrical plasma trail, called a meteor trail (Baggaley, 2002). A low power 
VHF meteor radar (MR) can detect the meteor trail in the mesosphere and lower thermosphere (MLT) day and 
night under almost all weather conditions. The MR can measure decay times, Doppler velocities, meteor veloci-
ties, and heights of meteors (Elford, 2004; Holdsworth et al., 2004). Using these observed parameters of meteors, 
the MR can provide not only the vertical profile of a neutral wind (e.g., W. Lee et al., 2021) but the daily meso-
spheric temperature continuously (e.g., Hocking, 1999; C. Lee et al., 2016). Although high power large aperture 
(HLPA) radars can detect head echoes of meteors in nonspecular directions, providing more information on var-
ious processes in the meteor plasma than the MR, the current study addresses only data from the low power MR. 
Data from HPLA radars have been analyzed by other groups of researchers, in terms of diffusion, turbulence, 
scattering that may occur in nonspecular trails (Close et al., 2008; L. Dyrud et al., 2008; L. P. Dyrud et al., 2005; 
Marshall & Close, 2015; Yee & Close, 2013; Zhou et al., 2004).

Traditionally, the diffusion coefficient profiles derived from the MR are used to estimate the mesospheric temper-
atures. In this temperature estimation, one has to adopt either a pressure model or a temperature gradient model 
for the background atmosphere. The pressure model method is based on the fact that the ambipolar diffusion 
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Plain Language Summary  We have simulated meteor ablation to analyze the data observed by 
a meteor radar at an Antarctic station (King Sejong Station, 62.2°S, 58.8°W). We found that the simulated 
distribution of meteor heights are strongly dependent on the mesospheric temperature, rather than incoming 
meteor characteristics. The simulation confirms that mesospheric temperature can be estimated from the full 
width half maximum (FWHM) of the observed height distribution by the meteor radar, which was proposed by 
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coefficient measured from a meteor trail is related to the atmospheric temperature and pressure (Cervera & 
Reid, 2000; Chilson et al., 1996; Hocking et al., 1997). Therefore, the pressure model method can in principle 
estimate a temperature profile from a measured diffusion coefficient profile, by utilizing a pressure model or local 
climatological pressure profiles. However, most of the studies have limited the pressure model method to the me-
teor peak height (MPH), where the maximum meteor count is detected, to guarantee the accuracy (M. E. Dyrland 
et al., 2010; Hall et al., 2012; Holdsworth et al., 2006; Lima et al., 2018; Meek et al., 2013). The temperature 
gradient method, proposed by Hocking (1999), utilizes the slope of the scatter plot of logarithmic diffusion coef-
ficient versus height and the temperature gradient at the MPH. Numerous studies using the temperature gradient 
method reported that their estimated temperatures are reasonably comparable to other ground-based measure-
ments, satellite measurements, and empirical model (Holdsworth et al., 2006; Kam et al., 2019; Kim et al., 2012; 
Lima et al., 2018; Meek et al., 2013; Singer et al., 2004; Stober et al., 2008; Vineeth et al., 2005; Yi et al., 2016). 
However, there are some shortcomings in both methods. First of all, those methods have to use either a precise 
pressure or temperature gradient at the MPH from a model, and thus the results are model dependent. Second, the 
temperature gradient method requires the slope of the diffusion coefficient profile in the region where the ambi-
polar diffusion should be dominant. However, the altitude range for the dominant ambipolar diffusion varies with 
season and latitude (Kim et al., 2010; C. S. Lee et al., 2013; Premkumar et al., 2019), leading to the uncertainty 
in temperature estimation.

To overcome these shortcomings, C. Lee et al. (2016) suggested a new method to estimate mesospheric tem-
perature based on the meteor height distribution without any additional information. They showed that the full 
width at half maximum (FWHM) of a meteor height distribution corresponds to the two constant pressure levels 
measured from the Microwave Limb Sounder (MLS) on board the Aura satellite. This means that the FWHM 
is immediately proportional to the mean temperature of the layer between the two pressure levels, based on the 
hypsometric equation. C. Lee et al. (2016) reported that the average difference of the FWHM method tempera-
tures from the MLS temperatures is smaller than that of the temperature gradient method (using the slope of the 
diffusion coefficient profile) from the MLS temperatures, and its day-to-day variability is smaller, too. C. Lee 
et al. (2018) verified that the proportional constant between the FWHM of meteor height distribution and the 
temperatures from SABER is nearly invariable over 2012–2016. Kam et al.  (2019) improved the temperature 
gradient method by applying strict criteria in selection of meteor echoes, but found that the temperatures from the 
FWHM method still shows better agreement with the MLS temperatures than those from the temperature gradient 
method. Based on these studies, one can suggest that the FWHM method is a better method for estimating the 
mesospheric temperature from an MR.

However, the FWHM method assumes that the meteor height distribution is dominantly dependent on the at-
mospheric condition, rather than on meteoroid characteristics (mass or velocity). According to Kaiser (1954), 
both the atmospheric pressure gradient and the meteoroid mass distribution can affect the width of meteor height 
distribution. Eshleman (1957) indicated that the length of a meteor trail is affected by the effects of meteoroid 
velocity, mass, entry angle, and the atmospheric scale height. In addition, Lindblad (1976) and Ellyett and Ken-
newell (1980) suggested that the variations of the density gradient of neutral atmosphere control meteor detec-
tions. More recently, Younger (2011) found an approximate linear relationship between the width of the meteor 
height distribution and density scale height from numerical simulations. If the characteristics of meteoroids vary 
significantly with season, then the premise of the FWHM method would be weaken. Therefore, it is necessary to 
check whether the atmospheric condition can dominantly change the meteor height distribution, and whether the 
meteoroid mass distribution observed by an MR is invariant over the year to validate the FWHM method.

In this paper, we carried out a simulation of meteor ablation to verify the assumption of the FWHM method by 
using data from the King Sejong Station (KSS; 62.2°S, 58.8°W) MR and the NRLMSISE-00 model (Picone 
et al., 2002) over a full year period of 2017. From the simulation, we derived the relation between the mesospheric 
temperatures and the FWHM of the observed meteor height distribution. By tracing back the ablation process, we 
also computed the mass distribution of incoming meteoroids from observed parameters by the MR over the year.
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2.  Data
2.1.  KSS Meteor Radar

The all-sky interferometric MR was installed in March 2007 at KSS and has been operating continuously. The 
frequency of the KSS MR is 33.2 MHz and its peak power is 12 kW since the MR was upgraded in 2012. The 
transmitter of KSS MR has the duty cycle of 8.4% for coded Gaussian shape pulse with a pulse repetition fre-
quency of 440 Hz, and the maximum observable range is about 300 km. The detailed operating parameters of 
KSS MR are described in Kim et al. (2010). By upgrading the transmitter power to 12 kW in 2012, the KSS MR 
can detect about 15,000 ∼ 40,000 underdense echoes a day with a seasonal variation, as shown in Figure 1a. The 
maximum count is observed in Southern Hemispheric (SH) summer and the minimum count is recorded during 
SH spring, as shown in Figure 1a. The MPH and FWHM can be derived from the Gaussian fitting of the daily 
meteor height distribution, as indicated in Figures 1c and 1d. Note that the asymmetry of meteor height distribu-
tions compared to the Gaussian fitting curves is related to the effect that backscattered signals from meteor trails 
at higher altitudes are significantly attenuated (C. Lee et al., 2018). Figure 1 clearly demonstrates that the FWHM 
of the meteor height distribution is large in SH winter, from June to August, when the mesospheric temperature is 
relatively high (∼220 K) and the FWHM is small in SH summer, when the temperature is low (∼170 K).

2.2.  Aura/MLS

The MLS is one of four instruments on board the NASA's Earth Observing System (EOS) Aura satellite. The 
Aura satellite was launched on 15 July 2004 and has been an important source of information on Earth's atmos-
phere, as well as Terra and Aqua which were launched at 1999 and 2002, respectively. The Aura satellite is in 
a sun-synchronous polar orbit with an orbital inclination of 98.2° at the altitude of 705 km. The period of orbit 
is approximately 100 min, which means that the satellite rotates the Earth about 14 times per a day. The MLS 
utilizes a microwave limb sounding to derive vertical profiles of chemical species, temperature, pressure, and 
geopotential height (GPH) from the troposphere to upper mesosphere. Among these parameters, we used the 
temperature profiles to derive the temperature at the MPH near KSS, namely within a radius ≤500 km from KSS. 
The geometric height is calculated by using the GPH from the EOS MLS version 4.2x level 2 data. From the data 
quality document (https://mls.jpl.nasa.gov/data/v4-2_data_quality_document.pdf), we selected the temperatures 
and GPH profiles from 261 to 0.001 hPa with the quality greater than 0.2 and convergence less than 1.03. Since 
the MLS provides the data about twice a day, we use the daily temperature by averaging the day and night data.

Figure 1.  (a) Daily meteor height distributions in 2017, with a meteor peak height marked with a black line. The red color indicates high counts of meteor echoes. (b) 
Seasonal variation of the full width of half maximum (FWHM). (c) Meteor height distribution with a Gaussian fitting line in 21 June 2017, (d) same as (c) but in 21 
December. The horizontal dotted lines indicate the FWHM.

https://mls.jpl.nasa.gov/data/v4-2_data_quality_document.pdf
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3.  Simulation of Meteor Ablation
Three main equations constitute the simulation of meteor ablation, and they are related to a loss of meteoroid 
mass, momentum, and energy (Brown et al., 2017; Campbell-Brown & Koschny, 2004; Ceplecha et al., 1998). 
When a meteoroid enters into the Earth's atmosphere and reaches near the altitude of 120 km, the meteoroid 
starts to be ablated. In this process, electrons are produced in the meteor trail as seen by all-sky MRs, whose size 
is about kilometers in length and a few atmospheric mean free paths in width (Baggaley, 2002). The electron 
density generated in the trail is usually described with an electron line density, because the trail length is much 
longer than the width. The electron line density is proportional to the mass loss rate of meteoroid and the effective 
ionization coefficient, and the relation can be expressed as

d𝑚𝑚
d𝑡𝑡

= −
𝑞𝑞𝑞𝑞𝑎𝑎𝑣𝑣
𝛽𝛽� (1)

where m is the meteoroid mass, q is the electron line density, v is the meteoroid velocity, 𝐴𝐴 𝐴𝐴𝑎𝑎 is the mean mass of 
ablated atoms, and 𝐴𝐴 𝐴𝐴 is the effective ionization coefficient (Baggaley, 2002). We adopt 𝐴𝐴 8.3 × 10−26 kg for 𝐴𝐴 𝐴𝐴𝑎𝑎 from 
McAuliffe and Christou (2006). Although meteoroids can fragment, the backscattered power received at the radar 
is determined by the electron line density within the Fresnel zones near the specular point that encompass most of 
the fragments (Stober et al., 2011). The effective ionization coefficient represents the ratio of the number of gen-
erated electrons to the evaporated atoms, which depends on the meteoroid velocity (Jones, 1997). Jones (1997) 
suggested that when the meteoroid velocity is slower than 35 km/s and there is no secondary ionization or recom-
bination, 𝐴𝐴 𝐴𝐴 can be calculated with

𝛽𝛽 = 9.4 × 10−6(𝑣𝑣 − 𝑣𝑣0)2𝑣𝑣0.8� (2)

where 𝐴𝐴 𝐴𝐴0 is the threshold velocity of a meteoroid below which the ionization does not occur. The constant and 
threshold velocity can vary depending on the meteoroid constituent. We use 10 km/s for the threshold velocity 
(Jones, 1997). Jones (1997) also proposed that if a meteoroid has the velocity range between 30 and 60.5 km/s, 
the effective ionization coefficient can be expressed as

𝛽𝛽 = 4.91 × 10−6𝑣𝑣2.25.� (3)

Rogers et al. (2005) and Stober et al. (2011) indicated that two different physical processes produce the electrons 
within the meteor trail: thermal ablation and sputtering. In the simulation, we ignored the sputtering process 
because it occurs above the altitude of 120 km and only important on a small (∼10 μm) and fast (∼70 km/s) mete-
oroid (see McAuliffe & Christou, 2006 and references therein). Therefore, only thermal ablation process creates 
the electrons and it can be expressed as

d𝑚𝑚
d𝑡𝑡

= −4𝐴𝐴𝐴𝐴2∕3𝜌𝜌−2∕3𝑚𝑚 𝑃𝑃𝑣𝑣

√

𝑚𝑚𝑎𝑎

2𝜋𝜋𝜋𝜋𝐵𝐵𝑇𝑇𝑚𝑚
,� (4)

where 𝐴𝐴 𝐴𝐴 is the meteoroid shape factor, 𝐴𝐴 𝐴𝐴𝑚𝑚 is the density of the meteoroid, 𝐴𝐴 𝐴𝐴𝑣𝑣 is the saturated vapor pressure in 
Pa unit, 𝐴𝐴 𝐴𝐴𝐵𝐵 is the Boltzmann constant, and 𝐴𝐴 𝐴𝐴𝑚𝑚 is the temperature of meteoroid surface. The temperature of the 
meteoroid surface rapidly increases as the meteoroid enters into the atmosphere. As a result, the surface tempera-
ture reaches the boiling temperature, evaporating the meteoroid. The evaporation will proceed until the saturated 
vapor pressure is reached. The saturated vapor pressure can be obtained by the Clausius-Clapeyron equation.

�� = 10�� − ��
��

+1,� (5)

where 𝐴𝐴 𝐴𝐴𝐴𝐴 and 𝐴𝐴 𝐴𝐴𝐵𝐵 are Clausius-Clapeyron coefficients which depend on constituents of a meteoroid. Assuming 
rocky meteoroids, we adopted 𝐴𝐴 𝐴𝐴𝐴𝐴 and 𝐴𝐴 𝐴𝐴𝐵𝐵 as 13.176 and 24605 K, respectively (McAuliffe & Christou, 2006).

The collisions with atmospheric constituents and the Earth's gravity decelerate and accelerate a meteoroid, re-
spectively. Since the velocity of meteoroid has the order of tens of kilometers per second, the effect of Earth's 
gravity component is significantly small. According to Stober et al. (2011), the total force is given by

𝑚𝑚d𝑣𝑣
d𝑡𝑡

= −𝐶𝐶𝑤𝑤𝐴𝐴𝐴𝐴2∕3

𝜌𝜌2∕3𝑚𝑚

𝜌𝜌air𝑣𝑣2 + 𝐺𝐺 𝑀𝑀𝑀𝑀
(𝑅𝑅 + ℎ)2

,� (6)
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where 𝐴𝐴 𝐴𝐴𝑤𝑤 is the drag coefficient, 𝐴𝐴 𝐴𝐴air is the density of neutral atmosphere, and 𝐴𝐴 𝐴𝐴 is the gravitational constant. 𝐴𝐴 𝐴𝐴 
and 𝐴𝐴 𝐴𝐴 is the mass and radius of the earth, and 𝐴𝐴 𝐴 is the height of the meteor. We used the drag coefficient 𝐴𝐴 𝐴𝐴𝑤𝑤 = 1 
and the shape factor 𝐴𝐴 𝐴𝐴 = 1.21 for the spherical shape of meteoroid as proposed by Campbell-Brown and Ko-
schny (2004) and McKinley (1961), respectively.

A meteoroid can gain or lose its thermal energy by collision with the atmosphere, radiation, and evaporation of 
meteoroid constituents (McAuliffe & Christou, 2006; Stober et al., 2011). The change rate of the thermal energy 
can be expressed as

�� d��

d�
=

��air�3

2
�
(

�
��

)
2
3

− 4��(� 4
� − � 4

air)�
(

�
��

)
2
3

− �d�
d�

,� (7)

where 𝐴𝐴 𝐴𝐴 is the heat capacity of the meteoroid, 𝐴𝐴 𝐴𝐴𝑚𝑚 is the surface temperature of the meteoroid, � is the heat-transfer 
coefficient, 𝐴𝐴 𝐴𝐴 is the thermal emissivity of meteoroid, 𝐴𝐴 𝐴𝐴 is the Stefan Boltzmann's constant, and 𝐴𝐴 𝐴𝐴 is the latent heat 
of evaporation. The 𝐴𝐴 𝐴𝐴(𝑚𝑚∕𝜌𝜌𝑚𝑚)2∕3 is the effective area of the meteoroid (Campbell-Brown & Koschny, 2004). The 
left-hand side term represents the heat storage. On the right side, the first term is the energy from the collision 
between the meteoroid and the atmosphere. The second and third terms on the right-side represent the radiative 
energy and the energy from the evaporation of the meteoroid, respectively. All the parameters in Equations 1–7 
and their values with references are listed in Table 1.

Symbol Definition Value Reference

𝐴𝐴 𝐴𝐴 Effective ionization coefficient - Baggaley (2002)

m Meteoroid mass - -

q Electron line density - -

v Meteoroid velocity - -

𝐴𝐴 𝐴𝐴𝑎𝑎 Mean mass of ablated atoms 𝐴𝐴 8.3 × 10−26kg Hunten et al. (1980)

𝐴𝐴 𝐴𝐴0 Threshold velocity 𝐴𝐴 10 km/s Jones (1997)

𝐴𝐴 𝐴𝐴𝑤𝑤 Drag coefficient 1.0 Campbell-Brown and Koschny (2004)

A Meteoroid shape factor 1.21 McKinley (1961)

G Gravity constant 𝐴𝐴 6.67 × 10−11Nm2kg−2 -

𝐴𝐴 𝐴𝐴𝑚𝑚 Meteoroid density 𝐴𝐴 3.4 × 103kg/m3 Moses (1992)

𝐴𝐴 𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎 Density of the atmosphere - From NRLMSISE-00

M Mass of the earth 𝐴𝐴 5.97 × 1024kg -

R The earth's radius 𝐴𝐴 6371.0 𝑘𝑘𝑘𝑘 -

h height of the meteor - -

𝐴𝐴 𝐴𝐴𝐵𝐵 Boltzmann constant 𝐴𝐴 1.38 × 10−23𝐽𝐽∕𝐾𝐾 -

𝐴𝐴 𝐴𝐴𝑚𝑚 Meteoroid surface temperature - -

𝐴𝐴 𝐴𝐴𝑎𝑎𝑎𝑎𝑎𝑎 Temperature of the atmosphere - From NRLMSISE-00

𝐴𝐴 𝐴𝐴𝑣𝑣 Saturated vapor pressure Pa unit -

𝐴𝐴 𝐴𝐴𝐴𝐴 Clausius-Clapeyron coefficients 13.176 Podolak et al. (1988)

𝐴𝐴 𝐴𝐴𝐵𝐵 Clausius-Clapeyron coefficients 24605 K Podolak et al. (1988)

Λ Heat-transfer coefficient 1.0 McAuliffe and Christou (2006)

𝐴𝐴 𝐴𝐴 Stefan Boltzmann's constant 𝐴𝐴 5.67 × 10−8Wm−2K−4 -

L Latent heat (𝐴𝐴 𝐴𝐴𝑚𝑚 < 1800 K) 𝐴𝐴 8.1 × 106J/kg Moses (1992)

Latent heat (𝐴𝐴 𝐴𝐴𝑚𝑚 > 1800 K) 𝐴𝐴 6.7 × 106J/kg Moses (1992)

𝜀 Thermal emissivity of meteoroid 1.0 Hunten et al. (1980)

C Heat capacity of meteoroid 𝐴𝐴 9.6 × 102Jkg−1K−1 Moses (1992)

Table 1 
Values in the Meteor Ablation Model
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From Equations 1–7, one can estimate the meteoroid surface temperature, meteoroid mass, and the decelera-
tion of the meteoroid as functions of altitude. Substituting Equations 4 and 5 into the energy balance equation 
(Equation 7) yields the transcendental equation for meteoroid surface temperature. In the ablation process, the 
heat capacity term can be ignored because the meteoroids are small and thus isothermal. According to Stober 
et al. (2011), the heat capacity term is relatively smaller than other terms by about one to three order of mag-
nitude. In other words, the energy from the atmospheric collision can be instantaneously lost by the radiation 
and evaporation. The transcendental equation was solved to derive the meteoroid surface temperature by the 
numerical iteration with the accuracy of 1 K. Substituting the surface temperature of meteoroid can compute the 
meteoroid mass at the observed altitudes using Equation 1.

The electron line density used in Equation 1 can only be determined when the absolute power of the received 
signal for a meteor or the antenna gain is clearly known (McKinley, 1961), with a relation:

𝑞𝑞 = 𝐵𝐵
√

received power × range3.� (8)

When the received power and range (distance between the antenna and a meteor) are known with an appro-
priate calibration factor, B, Equation 8 computes the electron line density in the absolute unit. However, the 
KSS MR does not provide its antenna gain, thus unable to set the received power in the absolute unit. Thus, we 
estimated the electron line density from a received power for an echo signal in an arbitrary unit by adjusting 
the coefficient B. By adopting 𝐴𝐴 𝐴𝐴 = 60 , we were able to match the range of the computed mass distribution to 
the mass range of 10−10–10−5 kg, which was suggested to be the mass range of meteoroids detected by a MR 
(Murad & Williams, 2002). Ceplecha et al.  (1998) mentioned that the mass range from radar meteoroids are 
3 × 10−9–3 × 10−6 kg, while Mathews et al. (2001) reported that the radar observations indicate the mass range of 
10−14–10−7 kg. Besides, by using 𝐴𝐴 𝐴𝐴 = 60 , we were able to obtain the MPH of simulated meteor height distribution 
around 90 km. Note that the computed meteoroid mass is affected by a factor of B1.5, according to Equations 1 
and 4. Although our computed meteoroid mass can differ from the absolute mass scale by a calibration factor, the 
FWHM of logarithmic mass distribution, in principle, should not be affected by the uncertainty of the adopted 
coefficient, B, because all the meteoroid masses are scaled with the same factor.

In the process of obtaining the surface temperature and mass of a meteoroid from Equations 4 and 6, we computed 
backward dm/dt and dv/dt from the measured parameters with a time step of 𝐴𝐴 10−2s until the ablation is no longer 
effective above the altitude of 120 km (entry height). We regarded the mass and velocity at the entry height as 
the initial mass and velocity.

In order to validate the ablation model, we carried out the simulation with different sets of initial conditions at 
the entry height. The simulation of the ablating processes computes masses, surface temperatures, and electron 
line densities along the path as an incoming meteoroid interacts with the atmosphere whose condition is adopted 
from the NRLMSISE-00 model on DOY 100 2017 (10 April 2017). For Figure 2a, the same entry angle (45°) and 
initial velocity (30 km/s) but with different initial masses, and for Figure 2b, the same initial mass of 𝐴𝐴 1.45 × 10−6 
kg and entry angle of 45° but with different initial velocities were used in the simulation. For Figure 2c, the simu-
lation was executed with the same initial mass 𝐴𝐴 1.45 × 10−6 kg and initial velocity 30 km/s, but with different entry 
angles. Figure 2 displays that the meteoroid mass is hardly changing at the first 10 km or so from the entry height, 
and then steeply decreasing as it penetrates deeper in the atmosphere. This behavior confirms that the starting 
altitude of 120 km can be regarded as the entry height. The height where the computed electron line density is 
maximized in the simulation can be assumed as the observed altitude of a meteor trail by the MR because the 
radar has the highest chance to detect a meteor echo at the maximum electron line density, which was suggested 
by Baggaley (2002). The results of simulations in Figure 2 indicate that a meteor would be observed by the MR at 
an altitude of 3.9 km lower and 1.6 km higher if its initial mass and velocity increase by 10 times and by 5 km/s, 
respectively. The meteor altitude would occur 1.2 km lower if the entry angle becomes 15° steeper.

In reality, the observed height would be determined by the minimum detectable line density, which may be either 
above or below the height of maximum line density (Ceplecha et al., 1998; McKinley, 1961). Since we do not 
have information on the minimum detectable line density for the KSS MR, we have to rely on the maximum line 
density height (Qmax height) as a measure of the predicted meteor height. We simulated Qmax heights for the 
DOY 100 echoes and compared with the observed heights, as shown in Figure 3. The mean difference between 
observed heights and the Qmax heights is ∼0.8 km for the DOY 100 echoes and the mean absolute difference 



Journal of Geophysical Research: Space Physics

LEE ET AL.

10.1029/2021JA029812

7 of 14

is 3.9 km. The seemingly large scatter from the 1:1 line, fortunately, is canceled out when the FWHM of the 
simulated height distribution is computed. On this day, the simulated and observed FWHM are 12.2 and 11.6 km 
(Figure 3b), whose difference is so small that it doesn't spoil the FWHM relation to the mesospheric temperature 
in the simulation. In our simulation, if the range of meteoroid has a 7 km uncertainty at the 45° entry angle, the 
Qmax height is changed by ∼0.5 km. In addition, the 10% of error in angle of arrival (∼6°) makes the uncertainty 
of ∼0.6 km in the Qmax height. The uncertainties in range and angle of arrival might affect the FWHM of the 
simulated meteor height distribution as much, but the relationship between FWHM and mesospheric temperature 
can be still verified.

Applying the ablation model to the KSS MR data, we can derive the mass distribution of meteors at the observed 
height. By computing the model backward in time we were also able to obtain the mass distribution at the entry 
height of 120 km. In the calculation process, the hourly atmospheric conditions (density and temperature) were 
again adopted from the NRLMSISE-00 model. Note that the computed mass in both distributions is an estimated 
meteoroid mass, which may differ from an absolute mass by the calibration factor in the electron line density 
estimation, as explained above. The total number of observed echoes on this day was 35,668, but the number of 
echoes that were applied to the ablation model is 17,123. Since a single MR cannot provide the entry angle of me-
teor, we assume that the meteors observed at a specific azimuth angle passed through the zenith of the observa-
tion site, and these meteors are from the helion source which is located about 70° to the left of the Earth's motion 
(Taylor & Elford, 1998). Under this assumption, we can regard the zenith angle of observed echoes as the entry 
angle of the helion meteors that would appear with the specific azimuth angle at different local time. To make the 
entry angle assumption reasonable, we selected only the echoes within ±60° in azimuth where the most echoes 
are observed at each time bin (1 h) because the helion source is the major contributor of meteors. Figure 4 shows 
the logarithmic distributions of the meteoroid masses at observed height (gray) and at the entry height (olive) on 

Figure 2.  Simulation results for different sets of initial conditions. (a)initial velocity = 30 km/s and 45° entry angle, but different initial masses, (b) initial mass =  
𝐴𝐴 𝟏𝟏.𝟒𝟒𝟒𝟒× 𝟏𝟏𝟏𝟏−𝟔𝟔 kg and 45° entry angle, but different initial velocities, 30 ∼ 50 km/s, and (c) initial mass =  𝐴𝐴 𝟏𝟏.𝟒𝟒𝟒𝟒× 𝟏𝟏𝟏𝟏−𝟔𝟔 kg and initial velocity = 30 km/s, but different entry 

angles 30° ∼ 75°. The filled circles indicate the observed height where the electron line density is maximized.
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10 April 2017. It is evident from Figure 4 that the median of initial (entry height) mass distribution (𝐴𝐴 10−6.1 kg ) is 
more massive by about 6.3 times than that of the observed mass distribution (𝐴𝐴 10−6.9 kg ).

In order to verify the method of estimating neutral temperature from the FWHM of meteor height distribution, we 
first simulate the meteor height distribution using the DOY 100 (10 April 2017) meteoroid group under the dif-
ferent atmospheric conditions. The simulation started with the initial mass distribution computed from the DOY 
100 meteoroid group at the entry height, and went through the interaction with the atmosphere on two different 

days. The height where each meteoroid sheds off the maximum mass in the 
simulation (thus maximum electron line density along the trail) is recorded 
to obtain the meteor height distribution that would be observed on the given 
day. We selected the two days which have the relatively high and low temper-
atures near the mesopause region and compared the simulated meteor height 
distributions. The left panel of Figure 5 illustrates the daily NRLMSISE-00 
temperature profiles on DOY 123 (3 May; red line) and on DOY 7 (7 Janu-
ary; blue line) in 2017. The temperature at 91 km on DOY 123 is higher by 
about 52 K than that on DOY 7. In the right panel of Figure 5, both simu-
lated meteor height distributions have the similar MPH (∼91 km) but their 
FWHMs differ by about 3.6 km: the FWHM on DOY 123 (Temp. at 91 km is 
201 K) is 12.3 km and that on DOY 7 is 8.7 km (Temp. at 91 km is 149 K). 
Therefore, the simulation verifies that the higher mesospheric temperature 
leads to the larger FWHM.

4.  Results and Discussion
Since the velocity distributions of sporadic meteors are known to change 
seasonally due to the viewing geometry of the site (Holdsworth et al., 2008; 
Younger et al., 2009), we selected two meteoroid groups in different seasons 
to investigate the effect of the velocity distribution on the meteor height dis-
tribution. Figure 6 shows the initial velocity and mass distributions that were 
computed from MR data measured on DOY 100 and DOY 200, respectively. 

Figure 3.  (a) The scatter plot of observed meteor heights versus simulated meteor heights (Qmax height: the height where the calculated electron line density is 
maximum) using the DOY 100 echoes. The red line indicates the 1:1 line. (b) Observed meteor height distribution (gray histogram) and simulated meteor height 
distribution (red histogram) on DOY 100, overlapped with Gaussian fitting lines.

Figure 4.  Mass distributions at the observed height (gray) and at the entry 
height (olive) on the 10 April 2017.
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The shapes of initial mass distributions for the days are almost identical, but there is a distinguishable difference 
in the initial velocity distributions. The meteoroid group for DOY 100 has double peaks near the 30 km/s and 
50 km/s, whereas the DOY 200 group has a single peak near the 35 km/s. According to Campbell-Brown (2008), 
the high speed meteoroids come from the apex source, in the range of 45–70 km/s, while the meteoroids from the 
helion source have speeds of 20–35 km/s. Thus, both the helion and apex sources mainly constitute the meteoroid 
velocity distribution observed by MR on DOY 100 (Figure 6a), while the helion source dominates the meteors 
on DOY 200 (Figure 6b). In addition, the apparent spike around 35–40 km/s on DOY 200 (Figure 6b) might be 
the contribution of the Southern Delta Aquarids meteor shower, which contains the meteoroids with velocities 
around 40 km/s (McKinley, 1961).

Applying the initial velocity and mass distributions of the DOY 100/DOY 200 meteoroid groups to the ablation 
model, we calculated the meteor height distributions for 12 days (one day in each month; DOY 7, 38, 66, 100, 
123, 162, 199, 230, 263, 288, 315, and 348). Those days are selected to cover the range of seasonal mesospheric 
temperature variation and the absolute difference of temperature at 90 km between MLS and NRLMSISE-00 
is less than 10 K. Figure 7a shows the seasonal variations of temperatures at 90 km from MLS (black line) and 
NRLMSISE-00 (red line) in 2017, and their differences are presented in Figure 7b. In Figure 7, the selected days 
for the ablation modeling are indicated with gray shaded area. Note that the model temperatures do not differ 
significantly from MLS temperatures, implying that the model atmosphere used in the simulation reasonably 
represents the actual atmosphere.

Figure 8 displays the scatterplot of the daily FWHMs of meteor height distributions observed by KSS MR versus 
the MLS temperatures at 90 km (gray circles) as well as the scatterplot of the FWHMs of the simulated meteor 
height distributions using the meteoroid groups of DOY 100 and 200 versus NRLMSISE-00 temperatures at 
90 km for 12 days (red and blue dots).

Both simulations for DOY 100 and 200 in Figure 8 clearly indicate that the FWHMs increase with atmospheric 
temperatures, which is consistent with the apparent linear relation between the observed daily FWHMs and the 
atmospheric temperatures. Notably, the DOY 100 simulation almost perfectly matches the observed linear rela-
tion (the slope: 16.64 and 16.69 for observation and the DOY 100 simulation, respectively), with the very small 

Figure 5.  (Left) Daily NRLMSISE-00 temperature profiles on DOY 123 (red line) and 7 (blue line) in 2017. MPH (∼91 km) 
is marked with a dotted line. (Right) Simulated meteor height distributions on DOY 123 (red histogram) and 7 (blue 
histogram) using the same distribution of meteors with Gaussian fitting lines.
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mean difference of 0.11 km. Although the DOY 200 simulation differs significantly from the observed relation 
(the slope and mean difference: 20.75 and 2.5 km for the DOY 200 group), it still shows the linear relationship 
between the FWHM and atmospheric temperature.

According to Figure 6, the DOY 200 meteoroid group lacks high speed meteoroids (>∼40 km/s). Considering 
that the high speed meteoroids ablate in the high altitude region as shown in Figure 2b, the lack of high speed 
meteoroids affects the meteor height distribution above the MPH, making the FHWM of the simulated height 
distribution smaller for a given atmospheric temperature. This characteristic implies that if the velocity distribu-
tion of incoming meteoroids varies with seasons adversely (less high speed meteoroids during warmer seasons), 
the observed positive relation between the FWHM and atmospheric temperature would have been ruined. Fortu-
nately, the initial velocity distribution computed from the KSS MR data varies with season significantly but not 
adversely, as shown in Figure 9. Specifically, the high speed meteoroids are reduced in spring and early summer 
(September–early December) when the mesosphere is colder. Thus, our simulation confirms the observed pos-
itive relation, even if the velocity distribution of meteoroid changes with seasons. For other radar stations, the 
viewing geometry of the sources is different from the KSS MR so that the distributions of observed meteoroid 
velocity can be changed. It means that the linear relationship might be different from the KSS MR depending on 
the latitude of radar site. Further works are needed to figure out how a radar viewing geometry at different latitude 
affects the linear relationship between the FWHMs and mesospheric temperatures.

Since the simulated height distribution also depends on the initial mass distribution, in addition to the velocity 
distribution, it is necessary to check whether the meteoroid mass distribution varies significantly throughout the 
year. We calculated initial mass distributions from daily observed parameters by the MR in 2017. The calculat-
ed mass distributions are plotted daily with a normalized logarithmic contour format in Figure 10a, and their 
Gaussian peaks and FWHMs are displayed in Figures 10b and 10c. It is evident from Figure 10 that the mass 
distributions are nearly invariable throughout the year. The logarithmic distributions are nearly a Gaussian shape 

Figure 6.  (a and b) Initial velocity distributions for DOY 100 and DOY 200, respectively. (c and d) Initial mass distributions for DOY 100 and DOY 200, respectively. 
The number of echoes is 17,123 and 13,072 for DOY 100 and DOY 200, respectively. For the comparison, distributions at observed heights are overlapped (gray).
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with the peak and FWHM of 𝐴𝐴 10−6.2 and 𝐴𝐴 101.3 kg, respectively. The variation 
of initial mass distribution should thus have little effect on the FWHM of the 
meteor height distribution.

In the simulation, we assumed that the height of maximized electron line 
density is the altitude of a meteor trail observed by the MR, which may not 
be so in the actual observation. However, this assumption can be statistically 
reasonable, given that the number of echoes is 17,123 and 13,072 for DOY 
100 and 200, respectively. The assumption is also justified by the fact that 
the DOY 100 results match almost perfectly with the observed linear rela-
tion between the FWHM and temperature. The FWHM–temperature relation, 
however, would have been ruined due to the significant variation of the ve-
locity distribution, as explained previously. We have confirmed that the high 
speed meteoroids are reduced in relatively cold season, mitigating the effect 
on the FWHM–temperature relation. Despite the uncertainties in the ablation 
model and the variation of meteoroid velocity distributions, the simulated 
results clearly explain that the mesospheric temperature variation is the main 
factor to determine the FWHM of the observed height distribution, which 
was the base for the FWHM method of temperature estimation by C. Lee 
et al. (2016).

5.  Conclusion
We have developed a meteor ablation model that can calculate the meteor-
oid mass and electron line density of a meteor trail along the trajectory. By 
applying the ablation model to the meteor parameters observed by the KSS 
MR, we were able to obtain the daily initial mass and velocity distribution, 
which were used to simulate the meteor height distribution under various 

Figure 7.  (a) Temperatures at 90 km from MLS (black line) and NRLMSISE-00 (red line) in 2017. (b) Difference between 
NRLMSISE-00 and MLS temperatures. Gray shaded areas indicate DOY 7, 38, 66, 100, 123, 157, 162, 199, 230, 263, 288, 
315, and 348, which were selected for the meteor ablation model.

Figure 8.  Daily full widths at half maximum of the meteor height 
distributions observed by the King Sejong Station meteor radar versus the 
Microwave Limb Sounder temperatures at 90 km (gray dots) and the full 
widths at half maximum of simulated meteor height distributions versus the 
temperatures at 90 km from NRLMSISE-00 (using the DOY 100/DOY 200 
meteoroid group; red/blue dots) on specific days (DOY 7, 38, 66, 100, 123, 
162, 199, 230, 263, 288, 315, and 348). The correlation coefficients (R)/slopes 
(S) are 0.92/16.64, 0.99/16.69, and 0.99/20.75 for observation and simulations, 
respectively. The solid lines indicate the regression lines.
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atmospheric conditions. The simulation of meteor heights has clearly demonstrated that the meteor height dis-
tribution is dominantly dependent on the atmospheric condition, rather than on meteoroid characteristics. We 
found that the seasonal variation of meteoroid velocity distributions is significant but has only little effect on the 
variation of the meteor height distribution. We also found that the observed characteristics of meteoroids show 
a Gaussian distribution of logarithmic masses that has the average peak value of 𝐴𝐴 10−6.2 kg and this distribution 
is nearly invariable throughout the year. Thus, our study verifies the observed relation between the FWHM and 

Figure 9.  Annual variation of initial velocity distribution derived from King Sejong Station meteor radar in 2017.

Figure 10.  (a) Annual variation of initial mass distribution derived from King Sejong Station meteor radar. (b) Gaussian 
peaks of initial mass distributions. (c) Full widths at half maximum of initial mass distributions in 2017.
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mesospheric temperature, which has been proposed as a new method of mesospheric temperature estimation from 
meteor height distributions measured by the MR (C. Lee et al., 2016).

Data Availability Statement
The King Sejong Station meteor radar data are available at https://dx.doi.org/doi:10.22663/KOPRI-KP-
DC-00000806.1. The Temperature and GPH data from Aura/MLS are available at http://dx.doi.org/10.5067/
Aura/MLS/DATA2021. The NRLMSISE-00 data are available at https://ccmc.gsfc.nasa.gov/modelweb/models/
nrlmsise00.php.
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