
1.  Introduction
The mesosphere and lower thermosphere (MLT) is a dynamically active region representing the boundary between 
the neutral atmosphere and space. This region is permeated by atmospheric tides, planetary waves, and gravity 
waves, which play key roles in coupling the lower and upper strata of the atmosphere (Alexander et al., 2010; 
Fritts & Alexander, 2003; Smith, 2012; Vincent, 2015). Continuous observations of the MLT have always been 
a difficult task. Historically, a few ground-based instruments like lidars, optical imagers, and different radars 
have contributed to further the understanding of MLT dynamics (e.g., Chen et al., 2016; Gerding et al., 2021; 
Hecht et al., 2010; Hibbins et al., 2007; Hoffmann et al., 2010; Huang et al., 2021; Larsen, 2004; Liu et al., 2020; 
Lübken et al., 2011; Murphy et al., 2009; Nakamura et al., 2001).

One main observable in the MLT is the wind velocity field. This is critical in order to understand the dynamics of 
small to large-scale atmospheric motions. Our study focuses on assessing the accuracy of winds estimated using 
multistatic Specular Meteor Radar (SMR) (multistatic SMR). Monostatic SMRs are widely used to study the 
dynamics of the atmosphere between 75 and 105 km above sea level (e.g., Forbes et al., 1999; Hocking & Hock-

Abstract  A virtual meteor radar system based on the upper-atmosphere extension of the high-resolution 
ICOsahedral Non-hydrostatic general circulation model is constructed to validate multistatic specular meteor 
radar (SMR) analyses. The virtual radar system examines the validity of mean winds and gradients estimation 
techniques used in multistatic SMRs. The study is motivated by unexpected mean values and tide-like features 
recently observed in the vertical velocities estimated from multistatic SMRs at different latitudes in the 
mesosphere and lower thermosphere. The proposed analysis confirms multistatic SMR systems' excellent 
capability to measure the horizontal mean wind components and gradient terms. It is also found that multistatic 
SMRs can estimate mean vertical winds if they have an amplitude greater than ±2 m/s. Due to the smoothing 
inherent to the model results, these results should be treated as lower bounds to the error incurred using real 
data. Hourly variability in vertical velocity estimates up to ±1–2 m/s in the observed vertical winds are due to 
contamination by small-scale horizontal structures in the horizontal winds.

Plain Language Summary  Specular meteor radars (SMRs) are a prominent ground-based 
instrument to study the mesosphere and the lower thermosphere dynamics. Recently developed multistatic 
SMRs allow maximizing the number of measurements from different viewing angles, enabling the 
estimation of horizontal wind fields and their second-order statistics (power spectrum, momentum fluxes). 
We have implemented the operational versions of these techniques in Germany, Peru, and Argentina called 
Spread-spectrum Interferometric Multistatic meteor radar Observing Network (SIMONe) systems. We 
present a validation study of multistatic SMR analyses using virtual radar systems using as an input the 
prognostic fields obtained from the UA-ICON general circulation model with a horizontal grid spacing 
of 5 km. The study focuses on the estimates of gradients and vertical velocities based on these multistatic 
systems.
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ing, 2002; Hocking, Fuller et al., 2001; Kishore Kumar & Hocking, 2010; Lima et al., 2004; Younger et al., 2015). 
By increasing the number of meteor detections and improving the viewing angle diversity, multistatic SMRs 
enhance the quality of mean horizontal wind and gradients estimation and second-order wind dynamics (e.g., 
momentum fluxes; Charuvil Asokan et al., 2021; Chau et al., 2017; Chau, Urco, et al., 2021; Conte et al., 2021; 
Spargo et al., 2019; Stober & Chau, 2015; Stober et al., 2021, 2018; Volz et al., 2021).

The background zonal and meridional winds obtained from SMRs have been studied for decades. For example, 
they have been extensively used to study atmospheric tides in the MLT, sudden stratospheric warmings and their 
impacts, the quasi 2-day wave and its effects, planetary wave activity, gravity waves and their effects in the MLT, 
etc (e.g., Abdu et al., 2006; Conte et al., 2017; De Wit et al., 2014; Eswaraiah et al., 2020; Fritts et al., 2002; He 
& Chau, 2019; Lilienthal & Jacobi, 2015; Lima et al., 2004; Mitchell & Beldon, 2009; Pancheva, 2004; Placke 
et al., 2011; Vincent et al., 2010; Xiong et al., 2004). The reliability of the estimation of mean horizontal winds 
from SMRs is not disputed. However, whether reliable estimates of vertical velocity can be performed with this 
type of radars has been debatable so far.

In most of the meteor radar analyses, the vertical winds (w) are assumed to be zero (w = 0), and this is rationalized 
based on the idea that the mean vertical velocity within a large observation volume (circa 400 km diameter, in 
the case of SMRs) is expected to be close to zero on average, assuming the statistical distribution of the vertical 
wind velocities is close to Gaussian (Cervera & Reid, 1995; Holdsworth et al., 2004; Marsh et al., 2000; McCor-
mack et al., 2017; Nakamura et al., 1991). Only a few studies discuss the vertical velocity estimates from SMR 
data (Chang et al., 1999; Egito et al., 2016; Suresh Babu et al., 2012). Suresh Babu et al. (2012) examined the 
possibility of using only the meteor echoes centered at the meteor ablation peak to estimate all three wind compo-
nents. Egito et al. (2016) followed this approach to measure vertical winds from an all-sky meteor radar over the 
Brazilian region. In their work, they found vertical velocities of a few m/s at MLT altitudes. Chau et al. (2017) 
disputed this approach by stating that those high magnitudes are partially the result of horizontal divergence 
contamination, which Egito et al. (2016) assumed to be non-existent in their analysis.

Chau et al. (2017) used a gradient approach to determine horizontal wind components and gradient terms directly 
from SMR and discarded the vertical velocity obtained using the homogeneous approach since their values are 
shown to be a consequence of horizontal divergence contamination. However, some of the recent analyses using 
multistatic SMRs motivate us to look more carefully into the problem of vertical velocity determination from 
SMRs. The main questions that will be addressed here are: Can we estimate vertical velocities and gradients using 
SMRs? If yes, how accurate are these results?

We present a validation study of multistatic SMR analyses using virtual meteor radar systems applied to a model 
atmosphere as simulated by the upper-atmosphere extension of the high-resolution ICOsahedral Non-hydro-
static (UA-ICON) general circulation model. The high-resolution configuration of the UA-ICON model allows 
to construct the virtual meteor radar due to the close and sparse sampling from multistatic SMRs. This validation 
study is similar to an observing system simulation experiment, a modeling experiment used to evaluate a new 
observing system when actual observational data are not present (Zeng et al., 2020). However, we will address 
our study as a validation study in the manuscript.

The manuscript is organized as follows. A section exploring previous efforts to estimate vertical velocities using 
SMRs and other ground-based instruments is proposed. Then, in Section 3, we describe the data sets used in our 
study. In Section 4, we introduce our methodologies to describe the virtual radar system setup. The main results 
and findings are presented in Section 5, and they are discussed in Section 6. Finally, the conclusions are presented 
in Section 7.

2.  Previous Vertical Velocity Estimations From SMRs
In November 2018, we carried out a 7-day multistatic SMR campaign with 14 meteor radar links (Spread- 
spectrum Interferometric Multistatic meteor radar Observing Network [SIMONe] 2018, 54°N) (Charuvil Asokan 
et al., 2021; Vargas et al., 2021). Charuvil Asokan et al.  (2021) focused on the frequency spectral studies of 
horizontal wind components using the Wind-field Correlation Function Inversion (WCFI) method described in 
Vierinen et al. (2019). In this study, we are intrigued by the hourly mean vertical wind values estimated using 
the gradient approach. These estimates had a standard deviation close to ±3.2 m/s. Besides, they show a diurnal 
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behavior at high altitudes (90–100 km). Our motivation for this study originated from the consideration of the 
frequency spectra of vertical winds using the WCFI method. The vertical wind spectrum also showed a peak 
around the 24-hr period. Note that the WCFI spectrum does not use any functional form for the horizontal or 
vertical winds (Charuvil Asokan et al., 2021; Vierinen et al., 2019).

Since two independent analyses (i.e., the gradient approach and the WCFI method) showed a diurnal pattern in 
the vertical velocity, we looked into other multistatic systems such as SIMONe Argentina (50°S) and SIMONe 
Peru (12°S). We found unexpected high vertical velocity estimates using the gradient approach (refer Section 4.1) 
in both these systems (Chau, Urco et al., 2021; Conte et al., 2021). The vertical velocity estimates from SIMONe 
2018, SIMONe Peru, and SIMONe Argentina are shown in Figure 1. For this figure, we used the exact dates of 
the analyses presented in Charuvil Asokan et al. (2021); Chau, Urco, et al. (2021); Conte et al. (2021). Notice 
that the vertical estimates from SIMONe Argentina and SIMONe 2018 show a diurnal pattern, while those from 
SIMONe Peru show a dominant semi-diurnal (12 hr) oscillation.

To check whether these tidal features are artifacts of the observational geometry, we selected another set of 
7  days from Multistatic- Multi-frequency Agile Radar for Investigations of the Atmosphere (MMARIA)/
SIMONe Germany and SIMONe Peru. Figure 2 shows the 7-day composite daily mean plots of two data sets 
from Germany and Peru at different heights. Figure 2a shows data from SIMONe 2018 during the campaign 

Figure 1.  (a–c) show the estimated vertical velocities using SIMONe Argentina, SIMONe 2018 (Germany) and, SIMONe 
Peru for seven days. These winds were estimated using specular meteor events observed within 4 hr and 4 km time-altitude 
bins.
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(November 2–9, 2018), 2b of MMARIA/SIMONe Germany from November 2–9, 2020, 2c shows SIMONe Peru 
from December 9–16, 2019, and Figure 2d from February 11–18, 2020. The solid black lines on each graph show 
the composite average of 7 days, and thin gray lines on each graph show the daily values. In each plot, we fit the 
average with different periodic sine functions. The red dotted line corresponds to the 24-hr function, green to the 
12-hr, and orange to the 8-hr. The blue line is the fit for a sum of periodic sine waves with periods of 8 hr, 12 hr, 
and 24 hr. These fitted lines show which period is dominant in the vertical velocity estimates. It is clear from the 
figures that the tidal features become more substantial with increasing altitude and that the prevailing periodicity 
is not always diurnal.

In previous observations, vertical velocities in the MLT were seldom reported. Since synoptic-scale vertical 
winds in the MLT are expected to be in the range of a few cm/s, it requires highly sophisticated and accurate 
measurements for reliable estimates. A recent climatological study on polar mesospheric summer echo (PMSE) 
mean vertical velocities discusses the difficulty of measuring mesospheric vertical winds (Gudadze et al., 2019).

Most of the synoptic-scale vertical wind studies based on observational methods derive amplitudes in the order of 
a few cm/s. However, these studies do not directly measure mean vertical velocities in the MLT because of their 
small values. Many of these studies rely on theoretical assumptions to estimate the winds. For example, Fauliot 
et al. (1997) used the Wind Imaging Interferometer on the Upper Atmosphere Research Satellite to derive vertical 
winds using the continuity equation. Dowdy et al. (2001); Laskar et al. (2017), and Vincent et al. (2019) inferred 
vertical velocities by measuring the horizontal wind divergence in the MLT using ground-based radars such as 
Medium Frequency (Partial Reflection) radars and SMRs. Such studies mostly agree with model calculations by 
Garcia (1989), which show small vertical winds in the MLT.

Studies using European Incoherent Scatter (EISCAT) very high requency radars have previously observed verti-
cal velocities in the order of a few m/s (Fritts et al., 1990; Hoppe & Fritts, 1995a, 1995b; Lee et al., 2018; Mitchell 
& Howells, 1998; Vierinen et al., 2013). Incoherent scatter radars have been used to measure vertical velocities in 

Figure 2.  Seven-day composite daily mean vertical velocities for (a) SIMONe 2018 during the campaign (November 2–9, 2018), (b) MMARIA/SIMONe Germany 
from November 2–9, 2020, (c) SIMONe Peru from December 9–16, 2019 and, (d) SIMONe Peru from February 11–18, 2020. Each row in the figure displays the 
graphs corresponding to altitudes of (from top to bottom) 95, 90, and 85 km. The solid black lines on each graph show the composite average of 7 days, and the thin 
gray lines on each graph show the values for each of the 7 days. The colored lines show the fitted curves corresponding to the following periodic sine waves: red – 
24 hr, green – 12 hr, orange – 8 hr, and blue – a sum of the 24, 12, and 8-hr waves.
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the mesosphere (Hysell et al., 2014; Zhou, 2000). However, these studies are not comparable to multistatic SMRs, 
since they use smaller observing volumes. Recent PMSE observations showed 50 m/s extreme vertical drafts in 
the MLT region (Chau, Marino, et al., 2021). These sudden powerful drafts are large-scale intermittent events 
which have been observed also in direct numerical simulations of stratified turbulent flows in a parameter space 
compatible with the MLT (Feraco et al., 2018, 2021). They were found to emerge from the interplay of grav-
ity waves and turbulent motions (Marino, Rosenberg, et al., 2015), enhancing dissipation and mixing (Marino 
et  al.,  2021), possibly acting as a local energy injection mechanism triggering direct and/or inverse cascades 
in stratified geophysical flows (Marino et al., 2013, 2014; Marino, Pouquet, et al., 2015; Marino, Rosenberg, 
et al., 2015; Pouquet et al., 2017).

Vertical velocities with magnitudes between 5 and 15  m/s lasting a few hours were observed using other 
instruments in the MLT (Gardner & Liu, 2007; Lehmacher et al., 2011) and thermosphere regions (Larsen & 
Meriwether, 2012).

Therefore, the magnitudes and duration are not that unusual. What is remarkable is that we observe such features 
in our multistatic SMRs after averaging over a horizontal area with an approximate 200 km radius. The motiva-
tion of our study mainly comes from the unexpected mean amplitudes and tidal features observed in the vertical 
velocities obtained from multistatic SMRs located at different latitudinal sectors of the world.

3.  Data Sets
3.1.  UA-ICON

The ICOsahedral Non-hydrostatic (ICON) general circulation model is a joint development of the Max Planck 
Institute for Meteorology in Hamburg, Germany, and the German Weather Service. ICON is developed based on 
a non-hydrostatic dynamical core with a triangular horizontal grid (Crueger et al., 2018; Dipankar et al., 2015; 
Giorgetta et al., 2018; Heinze et al., 2017; Zängl et al., 2015). Our study uses the UA-ICON model introduced 
by Borchert et al. (2019). The model output used in this study result from a simulation with horizontal grid nest-
ing. Starting from a global domain with 20 km horizontal mesh size, there are two nested domains covering the 
region of interest. The mesh size of the first nest is 10 km, and the one of the second innermost nest is 5 km. The 
simulation uses 250 vertical grid layers that extend from the surface to 150 km. In order to damp gravity wave 
reflection from the rigid model top, a sponge layer acts above 110 km.

The reason for using simulations of the UA-ICON model is its relatively high spatial and temporal resolution. 
This allows a correspondingly frequent output of the simulated atmospheric state at MLT altitudes every 5 min 
on a grid with a horizontal spacing of 0.06° in latitude and longitude and a vertical level spacing of 600 m. This 
configuration of UA-ICON enables us to conduct our virtual multistatic meteor radar (VMMR) network effi-
ciently. The methodology of the virtual system is described in Section 4.2.

3.2.  SIMONe Systems

The inspiration for the SIMONe systems conceived by Chau and Clahsen (2019) originated from the following 
factors: The MMARIA concept (Stober & Chau, 2015), radar signal processing techniques for coded continuous 
wave meteor radar transmissions (Vierinen et al., 2016), multiple transmitters and multiple receivers (MIMO) 
for radar interferometry (Urco et al., 2018), and compressed sensing (Urco et al., 2019). A special campaign was 
conducted in northern Germany to test this concept for 7 days in November 2018. Results from this campaign 
were later used in Charuvil Asokan et al. (2021); Vargas et al. (2021); Vierinen et al. (2019). Henceforth, we call 
this data set SIMONe 2018. The campaign gave us a substantial amount of specular meteor observations that is 
10 times larger than those of a typical monostatic SMR. SIMONe 2018 is comprised of 14 meteor radar links 
located in the northern part of Germany. Six of them were existing pulsed systems, and the remaining eight links 
were implemented with coded continuous wave transmissions with MIMO technology (refer to Charuvil Asokan 
et al. (2021) for more details about SIMONe 2018).

Operational versions of SIMONe systems were later installed in Peru and Argentina. These systems consist of one 
transmitter and five receiving stations and have been operating since September 2019 (Chau, Urco, et al., 2021; 
Conte et al., 2021).
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We selected one arbitrary day from SIMONe 2018, SIMONe Peru, and 
SIMONe Argentina to conduct our analyses. For SIMONe 2018, we selected 
5 November 2018. For Peru, it was 14 December 2019, and for Argentina, it 
was 19 February 2020. Figures 3a–3c show density maps of specular meteor 
counts on the selected days of SIMONe Argentina, SIMONe 2018, and Peru, 
respectively.

We modeled a pseudo-ideal SIMONe system called SIMONe-X based on the 
SIMONe 2018 geometry to create a more extensive system. Here, we used 
three independent days of sampling from SIMONe 2018 but translated the 
locations of meteors and radar links. In SIMONe-X, we used the data from 
November 5, 6, and 7, 2018 from SIMONe 2018. The meteors and antenna 
locations on November 5 stayed the same; however, the data from November 
6 was translated by 0.5° north in latitude and 1.5° east in longitude. Data from 
November 7 was translated by 1.5° south in latitude and 0.5° east in longi-
tude. In the SIMONe-X pseudo virtual system, we merged these three days of 
data into one day with 42 (14 × 3) meteor radar links and close to four-hun-
dred thousand meteors per day. The purpose of creating such a pseudo system 
was to check the validity of our methods. The density map of meteor counts 
for SIMONe-X is shown in Figure 3d. The sampling of the meteor counts in 
this figure is based on the data used for the analyses.

4.  Methodology
4.1.  Temporal Gradients

Monostatic SMRs use radio reflections from specular meteor plasma trails to estimate the mean wind compo-
nents for a given time and altitude bin, assuming horizontal homogeneity (over an area of 300–500 km diameter). 
The observation from each meteor trail includes the Doppler velocity, location of the scattering point of the trail, 
time of occurrence, angle of arrival, and Bragg wave vector, determined by the radar frequency and the observing 
geometry (Hocking, Kelley et al., 2001). Chau et al. (2017) relaxed the assumption of the homogeneity of the 
horizontal wind by applying a gradient approach that allowed estimating mean wind components and horizontal 
gradient terms.

Our study expands the gradient approach by including the temporal gradients of the horizontal wind components 
in the estimation. In the following set of equations, horizontal winds are considered non-homogeneous by using 
a Taylor series expansion of the wind velocity vector, including spatial and temporal gradients of the horizontal 
wind components.

𝑢𝑢(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) = 𝑢𝑢0 +
𝜕𝜕𝜕𝜕
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where u, v, and w are the zonal, meridional and vertical components of the wind vector. u0, v0, and w0 denote the 
mean wind components inside the volume. 𝐴𝐴
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 , 𝐴𝐴
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 , 𝐴𝐴
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 , 𝐴𝐴
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 , 𝐴𝐴
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 , 𝐴𝐴
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 , 𝐴𝐴
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 , 𝐴𝐴
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 and, 𝐴𝐴

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 are the derivatives of the 

horizontal and vertical wind with respect to zonal, meridional, vertical, and temporal directions. In our study, we 
have not fitted for gradients of w, that is, we assume 𝐴𝐴

(

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
,
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
,
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
,
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)

  = 0. Hence here we are solving for only 11 
unknown parameters.

In the case of multistatic SMRs, by combining sufficient meteor observations within a time and altitude bin inside 
the radar volume, one can estimate these mean wind components and gradient terms by solving N equations of 
the form (Hocking, Kelley et al., 2001),

𝑢𝑢 ⋅ 𝑘⃗𝑘𝐵𝐵𝐵𝐵 = 2𝜋𝜋𝜋𝜋𝑑𝑑𝑑𝑑� (2)

Figure 3.  Density maps of 1 day of specular meteor observations at the 
existing SIMONe systems (SIMONe Argentina, SIMONe Peru, and SIMONe 
2018) and SIMONe-X. Color bars represent the number of specular meteor 
detections in the log10 scale.

(d)(b)

(a) (c)
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where 𝐴𝐴 𝐴𝐴𝐴 = (𝑢𝑢(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥), 𝑣𝑣(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥), 𝑤𝑤(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥)) is the wind vector and fdi, 𝐴𝐴 𝑘⃗𝑘𝐵𝐵𝐵𝐵 are the Doppler shift and Bragg 
wave vector of each meteor echo, respectively.

Figure 4 shows mean winds and gradients estimates from 3 days (November 5, 6, and 7) during SIMONe 2018 
as an example of the updated gradient estimation technique. Figures 4a–4c display the mean wind velocities 
obtained from the estimation. Figures 4d–4i show the spatial gradient terms of the horizontal wind components. 
Figures  4j and  4k show the newly derived parameters, that is, 𝐴𝐴 𝐴𝐴𝑡𝑡𝑢𝑢 =

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 and 𝐴𝐴 𝐴𝐴𝑡𝑡𝑣𝑣 =

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 . Figure  4l indicates the 

number of specular meteors. We estimated these components using 4 hour-4 km time-altitude bins within the 
selected radar observing volume (radius of 200 km).

4.2.  Virtual Multistatic Meteor Radar (VMMR)

Due to the lack of independent spatially resolved winds in the MLT region, it is almost impossible to validate 
the parameters measured by ground-based instruments. Although some global circulation models correlate with 
ground-based instruments in a climatological sense, the daily variability and extreme events are not well repre-
sented (e.g., Conte et  al.,  2018; Davis et  al.,  2013). Since each ground-based instrument measures different 
parameters at different local volumes, direct verification is also tricky.

The idea of a VMMR network based on a high-resolution model thus gains importance in validating the meth-
odology used to estimate the parameters observed by multistatic SMRs. Here, we are considering the model 

Figure 4.  Mean winds and gradients estimates from November 5, 6, and 7 during SIMONe 2018. Panels (a) to (c) show the mean wind velocities, and panels (d) to (i) 
display the gradient terms of the horizontal wind components. Panel (l) shows the number of meteors used in the estimation.
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atmosphere simulated by UA-ICON as our pseudo atmosphere. Then, based on the SIMONe geometries and 
meteor samplings from each system, we probe the UA-ICON atmosphere to measure the parameters in a way 
in which multistatic SMRs conduct actual measurements. It is to be noted that, in the current study, we do 
not compare the results from the UA-ICON and SIMONe systems. Instead, we are creating a tool VMMR to 
validate the methods used by the multistatic SMRs to estimate winds and gradients. This tool can be extended 
to validate all the analyses done by meteor radar observations in the future. A block diagram of our VMMR is 
shown in Figure 5.

UA-ICON provides the zonal (u), meridional (v), and vertical (w) wind component values at each grid position 
in space and time. However, the SIMONe meteor data contains one-dimensional projections (Doppler shift) of 
the velocity field and other parameters also depending on the location of meteors, such as Bragg wave vector 
and angle of arrival. Since the meteor measurements are sparse and randomly measured in nature, they have an 
irregular sampling structure in space and time.

First, we place the four SIMONe geometries (SIMONe 2018, SIMONe Peru, SIMONe Argentina, and SIMONe-X) 
onto the UA-ICON model base. A visualization example of one of such placements can be seen in Figures 6a–6c. 
Figures 6a–6c displays a time frame (5 min) at 90 km altitude in the latitude-longitude cut data of u, v, and w from 
the UA-ICON model. The small gray stars in these plots show meteors' locations within 5 min from SIMONe 
2018. Similarly, Figures 6d–6f show the average of such time frames for 30 min, and the gray stars correspond to 
the meteors observed in 30 min.

After placing the SIMONe geometries on the UA-ICON data, the next step is to find the spatially and temporally 
closest grid position in the UA-ICON for each meteor observation. Then, we use the original Bragg vectors from 
the observations and the UA-ICON wind velocity vector (u, v, w) that correspond to these grid points to calculate 
a new set of simulated Doppler velocities using Equation 2. As shown in the block diagram in Figure 5, the system 
thus generates VMMR simulated Doppler velocities corresponding to each meteor observation.

To include the location uncertainties in the simulated data, we performed the following procedure. We used the 
wind vector from the closest grid point to estimate the simulated Doppler velocity but projected on the virtual 

Figure 5.  Block diagram summarizing the Virtual meteor radar network.
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radar's location with a Bragg vector that corresponds to the actual meteor observation. This condition creates 
a maximum uncertainty of ±2.5 km (5 km horizontal grid spacing) in latitude and longitudinal directions and 
±300 m (600 m vertical level spacing in UA-ICON) in altitude direction. We also added uncertainty in altitude 
related to the elevation angle of the meteor detection. The lower elevation angle detections from SMRs show a 
higher error in the location estimation, especially in the altitude estimation (Clahsen, 2018).

Therefore, we added a Δh term to the existing heights from the measurements based on the following equations.

Δℎ =

⎧

⎪

⎨

⎪

⎩

500 ⋅ 𝜉𝜉𝜉 if 𝜃𝜃 ≤ 35◦

𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏 ⋅ 𝜉𝜉𝜉 if 𝜃𝜃 𝜃 35◦
,� (3)

ℎ′ = ℎ + Δℎ,� (4)

where θ is the elevation angle, h is the existing altitude from SMR observations, and h′ is the new simulated alti-
tude used in the VMMR system corresponding to each measurement. The terms a and b are calculated based on 
the exponential function f(θ) = ae bθ in Equation 3, with limits f (35°) = 500 m and f (65°) = 2000 m. The term ξ 
in Equation 3 corresponds to the random number multiplier based on the standard normal distribution.

The simulated VMMR data structure is identical to the actual multistatic SMR observation data structure. This 
allows us to carry out all meteor radar analyses, including mean winds and gradient estimation, divergence, 
vorticity estimation and, to study second-order statistics (Vierinen et  al.,  2019). Since high-resolution model 
data from UA-ICON allow us to determine these parameters, most of the SMRs analysis techniques could be 

Figure 6.  (a–c) show the latitude-longitude section of zonal, meridional and vertical wind components at 90 km (vertical level spacing = 600 m) altitude and a single 
time-frame (resolution = 5 min) from the UA-ICON. (d–f) are similar to (a–c), but these figures are obtained after averaging the winds for 30 min and 2 km in altitude 
(90–92 km). Small gray stars in the figures correspond to the location of observed meteors for 5 min (a–c) and 30 min (d–f) time windows.
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potentially validated. In this paper, our focus is on validating the mean wind and gradient estimation techniques 
for multistatic SMRs.

4.3.  Validation Through Performance Metrics

In order to get a general overview of the performance of the SIMONe analysis through the virtual meteor radar 
technique, we examine the performance metrics calculated for the estimated parameters. We use correlation 
coefficient (CC), mean-error (ME) and, root-mean-square-error (RMSE) to analyze the performance of our tech-
nique on the mean wind and gradient estimation.

In order to compare the parameters obtained from the VMMR and UA-ICON, we carried out a similar averaging 
for both data. The mean winds and gradients from the simulated VMMR data were estimated by least-square 
fitting the Doppler velocities to mean winds and gradients using different time and altitude bins. In these calcu-
lations (Equations 1 and 2), we used simulated measurements within a 200 km radius.

The UA-ICON model data have zonal, meridional, and vertical velocities at each grid point. We estimated the 
mean winds and gradients from the gridded UA-ICON data utilizing the similar averaging used in the VMMR 
analysis.

It should be noted that the mean winds and gradients obtained from the UA-ICON utilize the entire grid-
points within the defined volume. For example, in the case of 1 hr- 2 km bin averaging, we consider all the 
gridpoints within a disc of radius 200 and 2 km thickness and a time window of 1 hr. However, the virtual 
meteor data obtained using the UA-ICON uses only the sparse sampling of meteors observed within the same 
volume and time window to estimate the mean winds and gradients. These estimated quantities obtained 
from UA-ICON model data and simulated virtual radar data are then validated using performance metrics 
(see above).

5.  Results
5.1.  Validation Statistics

We estimated the mean winds and gradients using two different averaging kernels: 1 hr - 2 km and 4 hr–4 km 
time-altitude bins from both the simulated data from VMMR and UA-ICON model data to validate the esti-
mation techniques. Their performance metrics are shown in Figure 7. Figures 7a and 7d correspond to the 
CC between the VMMR simulated and UA-ICON data for the two datasets, respectively. In all graphics of 
Figure 7, the x-axis labels correspond to mean zonal wind (u), 𝐴𝐴 𝐴𝐴𝑥𝑥𝑢𝑢 =

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 , 𝐴𝐴 𝐴𝐴𝑦𝑦𝑢𝑢 =

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 , 𝐴𝐴 𝐴𝐴𝑧𝑧𝑢𝑢 =

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 , 𝐴𝐴 𝐴𝐴𝑡𝑡𝑢𝑢 =

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 , mean 

meridional wind (v), 𝐴𝐴 𝐴𝐴𝑥𝑥𝑣𝑣 =
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 , 𝐴𝐴 𝐴𝐴𝑦𝑦𝑣𝑣 =

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 , 𝐴𝐴 𝐴𝐴𝑧𝑧𝑣𝑣 =

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 , 𝐴𝐴 𝐴𝐴𝑡𝑡𝑣𝑣 =

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
 and, mean vertical wind (w). The four different lines 

in each plot correspond to each SIMONe geometry used for the VMMR network simulation. Red, blue, green 
and black correspond to SIMONe Peru, SIMONe Argentina, SIMONe 2018 and SIMONe-X geometry results, 
respectively.

In Figures 7a and 7d, the CC between the VMMR simulated and model data show good agreement except for 
vertical velocity estimates. The mean wind components (u and v) estimated from simulated virtual radar data 
show excellent agreement with the UA-ICON data, regardless of the SIMONE geometries used in the virtual 
radar system. In the gradient estimation, the geometries with a larger number of independent measurements such 
as SIMONe 2018 and SIMONe-X deliver optimal results. The SIMONe Peru and Argentina geometries show a 
good correlation, but not as good as the other two geometries. In Figure 7, we normalized the values of the ME 
and RMSE using the corresponding standard deviation (σICON) from UA-ICON model data. It is carried out to 
normalize the units of mean winds and gradients. These values are included as a Table S1 in Supporting Infor-
mation S1. In Figures 7b, 7c, 7e, and 7f, the normalized ME and RMSE show similar statistics as in the case of 
CC. Except for the vertical velocity estimates, the mean wind components show good agreement, and gradient 
estimation shows good agreement in the case of SIMONe 2018 and SIMONe-X systems and fair agreement in 
the case of SIMONe Peru and Argentina.
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5.2.  Introduction of Large Scale Vertical Velocities to UA-ICON

From the analyses, we found that the estimated mean vertical velocity is significantly larger than the mean 
vertical velocity values from the UA-ICON model (Figure 8b). However, the VMMR estimates did not show 
the tidal features observed in actual SIMONe data from Peru, Argentina, and SIMONe 2018 (Figure 1). This 
motivated us to create hypothetical situations by inducing 24-hr period waves with 40 km vertical wavelengths 
into the UA-ICON model vertical velocity output. We treated the horizontal wavelength of these induced waves 
as essentially infinite. Here, “inducing” means adding the wave perturbations to the existing wind fields. Then, 
we performed the virtual network technique on the tide-induced UA-ICON data and created new sets of simu-
lated radar data for each geometry. Namely, we redo the VMMR data generation but adding large-scale vertical 
velocity waves with horizontal scales greater than the radar observing volume. Results from this analysis using 
1 hr–2 km averaging kernels are shown in Figure 8.

Figures 8a and 8b show the actual vertical velocity averaged from the UA-ICON model and the estimated verti-
cal velocity using virtual SIMONe 2018, respectively (to see the variance of vertical velocities from UA-ICON 
refer to Figure 9a). Here, the estimated vertical velocities do not agree with those from the model data. Figure 8c 
shows the first test after setting vertical velocities equal to zero in the UA-ICON data, and Figure 8d shows the 
corresponding estimates of the vertical velocity using the virtual system. Surprisingly, Figures 8b and 8d look 
qualitatively similar even though the model vertical velocity has been set to zero in all grid points.

Further tests on the vertical velocity consisted of introducing 24-hr tidal features into the vertical velocities. 
Figure 8e shows the test result after introducing a 2 m/s tidal structure into the UA-ICON model, and Figure 8f 
shows the corresponding estimate from the virtual system. Figures 8g and 8h show a similar test with the addi-
tion of a 5 m/s daily tidal structure to the UA-ICON model. To check the efficiency of the tide-induced tests, 

Figure 7.  The figure shows the performance metrics, such as correlation coefficient (a), (d), mean-error (b), (e), and root-mean-square-error (c), (f) used in the study 
to validate the specular meteor radar gradient approach. The top and bottom rows show the validation of mean winds and gradients estimated using 1 hr - 2 km and 
4 hr–4 km time-altitude bins, respectively. Red corresponds to SIMONe Peru geometry, blue to Argentina, green to SIMONe 2018 and the black line corresponds to the 
SIMONe-X geometry results.
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we utilized the performance metrics. Figures 8i–8k show CC, RMSE, and ME values for different tide-induced 
tests, respectively. The x-axis labels of the bar plots in these figures depict the tide-induced tests with different 
amplitudes from 1 m/s to 5 m/s. Colors in the bar plots correspond to each of the SIMONe geometries used in the 
analyses; red - SIMONe Peru, blue - SIMONe Argentina, green - SIMONe Germany, black - SIMONe-X. From 
Figure 8, it is clear that as the amplitude of a dominant tidal structure increases, the meteor radar systems can 
estimate them more accurately.

6.  Discussion
6.1.  Mean Horizontal Winds and Gradients

This paper presents a validation study of multistatic SMRs for mean winds and gradients in the MLT region. 
The mean zonal and meridional winds estimated from virtual SIMONe systems are in excellent agreement with 
the winds from UA-ICON model data. The performance metrics used to validate the mean zonal and meridional 
wind estimates (Figure 7) show a good correlation, regardless of the SIMONe geometries used in the virtual radar 
system. Two different averaging kernels used in the analyses in Figure 7 (i.e., 1 hr- 2 km and 4 hr- 4 km) show 
similar results, which displays the consistency of the results.

The validation of horizontal wind estimates is expected to be good since the sampling geometry and viewing 
angle of SMRs favor the Bragg vector components in the horizontal direction. These products are used to study 
tides, planetary waves, and gravity wave activity in the MLT region (e.g., Conte et al., 2017; Murphy et al., 2006; 

Figure 8.  Results from the virtual network technique on the tide-induced UA-ICON data and subsequent Virtual radar data. Panels (a) and (b) show the actual vertical 
velocity averaged from the UA-ICON model and the estimated vertical velocity using virtual SIMONe 2018, respectively. Panel (c) shows the results after applying 
zero vertical velocities to the UA-ICON data, and (d) shows the corresponding estimate of vertical velocity using the virtual system. Panels (e)–(f) and (g)–(h) show test 
results from the induction of 2 m/s and 5 m/s tidal structures to the UA-ICON model and their corresponding estimates using the VMMR, respectively. Panels (i) (j), 
and (k) show correlation coefficient, root-mean-square-error, and mean-error values for different tide-induced tests, respectively. The x-axis labels to the bar plots in (i), 
(j), and (k) depict the tide-induced tests with different amplitudes from 1 m/s to 5 m/s. Colors in the bar plots correspond to each of the SIMONe geometries used in the 
analyses; red - SIMONe Peru, blue - SIMONe Argentina, green - SIMONe Germany, black - SIMONe-X.
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Sandford et  al.,  2006). SMR horizontal wind measurements are also used for long-term studies of the MLT 
region (e.g., Jaen et al., 2021; Wilhelm et al., 2019). Previous comparative studies between meteor radars and 
other ground-based instruments have also shown agreement. For example, Liu et al. (2002); Franke (2005), and 
recently Kishore Kumar et al. (2018) showed that the horizontal winds estimated with lidars and meteor radars are 
well correlated. Many studies have also compared meteor radars with medium frequency radars and Fabry-Perot 
Interferometers, finding good agreement in the horizontal wind estimates (e.g., Cervera & Reid, 1995; Jacobi 
et al., 2009; Jiang et al., 2012; Wilhelm et al., 2017; Yu et al., 2016).

Figure 7 also shows fair agreement in the estimation of the gradient terms. Gradient terms of the wind fields 
help to study the horizontal divergence and relative vorticity fields in the MLT region (Chau et al., 2017; Laskar 
et al., 2017). Our validation study suggests that SIMONe 2018 and the pseudo-ideal - SIMONe-X show a better 
correlation with the UA-ICON model data than the SIMONe Argentina and Peru systems, as expected given their 
larger number of counts and higher viewing angle diversity. SIMONe Argentina and Peru consist of 5 SMR links 
each, and SIMONe Germany during the campaign 2018 had 14 radar links. The pseudo-SIMONe-X has 42 radar 
links. As the number of links increases, the number of independent meteor samples will also increase and produce 
better estimates of gradients. Our validation study on the gradient estimation thus confirms the importance of 
creating multistatic SMRs with a larger number of radar links. More extensive systems will improve the quality 
of the gradient estimation and improve the possibilities of further studies with these quantities. It shows that the 
coverage beyond SIMONe 2018 in an approximately 400 km diameter space does not provide further returns in 
the case of mean winds and gradient estimations. However, we are not aware that this impression holds in the 

Figure 9.  Panel (a) shows the histogram of vertical velocities from the UA-ICON model. Blue colored histogram in (a) corresponds to data obtained by the similar 
averaging used in the meteor radar analysis. The orange-colored histogram in (a) shows the data obtained by selecting only the grid points in UA-ICON close to the 
meteor positions. Panels (b) and (c) show the histograms of vertical velocities estimated using the homogeneous and gradient approach from VMMR respectively. Panel 
(d) shows the histogram of residual Doppler estimated using Equation 9. Panels (e) and (f) show the altitude-time plots of the residual Doppler and the vertical velocity, 
respectively that were estimated using the gradient approach. Finally, panel (g) shows the correlation between the vertical velocity estimate and the residual Doppler.
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case of second-order statistics studies such as mesoscale momentum flux, power spectral, and structure-function 
studies (e.g., Charuvil Asokan et al., 2021; Conte et al., 2021; Vierinen et al., 2019).

6.2.  Vertical Velocity Estimation

The primary motivation of this study is to understand the unprecedented mean vertical velocity estimates from 
the SIMONe systems mentioned above and other multistatic SMRs. We found that the vertical velocity estimates 
have unexpected large amplitudes and show tidal features. From our VMMR results, the estimated horizontal 
winds and gradients showed a clear correlation with the model data; however, vertical velocity estimates did not 
show a good correlation.

The estimated vertical velocities from our virtual radar analysis show a variability of ±1–2 m/s. However, this 
analysis does not represent the tidal features observed in the actual SIMONe systems data, particularly above 
95 km. One possible reason for the small variability observed in the SIMONe analysis is the contamination from 
small horizontal inhomogeneities in the horizontal wind.

In our current wind estimation technique, we consider each of the horizontal components as mean wind compo-
nents and their gradient terms in space and time as described in Equation 1. By separating the horizontal wind 
between a mean value and a zero-mean perturbation, Equation 1 is rewritten as:

𝑢𝑢(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) = 𝑢𝑢0 + 𝑢𝑢′

𝑣𝑣(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) = 𝑣𝑣0 + 𝑣𝑣′

𝑤𝑤(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) = 𝑤𝑤0,

� (5)

where u0, v0, w0 are the mean components and u' and v' are the components that include all the gradient terms in 
zonal and meridional velocities as described in Equation 1.

From Equation 2, then we can elaborate,

2𝜋𝜋𝜋𝜋𝑑𝑑 = 𝑢𝑢 ⋅ 𝑘𝑘𝐵𝐵 =
(

𝑢𝑢0 + 𝑢𝑢′
)

𝑘𝑘𝑥𝑥 +
(

𝑣𝑣0 + 𝑣𝑣′
)

𝑘𝑘𝑦𝑦 +𝑤𝑤0𝑘𝑘𝑧𝑧� (6)

In the ideal case, if we rearrange Equation 6, we should get,

2𝜋𝜋𝜋𝜋𝑑𝑑 −
(

𝑢𝑢0 + 𝑢𝑢′
)

𝑘𝑘𝑥𝑥 −
(

𝑣𝑣0 + 𝑣𝑣′
)

𝑘𝑘𝑦𝑦 −𝑤𝑤0𝑘𝑘𝑧𝑧 = 0� (7)

If we assume w0 = 0, then we can reduce Equation 7 to,

2𝜋𝜋𝜋𝜋𝑑𝑑 −
(

𝑢𝑢0 + 𝑢𝑢′
)

𝑘𝑘𝑥𝑥 −
(

𝑣𝑣0 + 𝑣𝑣′
)

𝑘𝑘𝑦𝑦 = 0� (8)

However, the virtual radar analysis based on the UA-ICON model suggests a different result. In our analysis, 
Equation 8 does not equate to zero but gives a residual value. We call the latter residual Doppler (dres). Our spec-
ulation of vertical velocity being the result of contamination from horizontal components is due to the presence 
of a residual Doppler.

Figure 9 shows the comprehensive outlook of this assumption. Figure 9a shows the histogram of vertical veloci-
ties from the UA-ICON model. These values are obtained in two ways. First by averaging as in the meteor radar 
analysis, that is, 1 hr- 2 km time-altitude bins over a region of 200 km horizontal radius from the model output. 
This is shown as the blue-colored histogram in Figure 9a. The orange-colored histogram denotes the second 
method in Figure 9a, which shows a similar averaging, without selecting every grid point from the model in the 
averaging volume, but taking only the grid points close to the meteor positions from SIMONe 2018 geometry. We 
carried out this special averaging to check if the meteor sampling creates any further uncertainty in the observa-
tion. However, both histograms from Figure 9a show similar mean and variance.

Figure 9a shows that the model data gives a close to zero mean and ±0.13 m/s standard deviation for the vertical 
winds when we use the similar averaging used in the meteor radar analysis. To estimate the winds from meteor 
radars, we use two methods. The first method is called homogeneous method, where we least-square fit only the 
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mean wind components, namely, u0, v0, and w0. The second approach is called the gradient method, where we fit 
the mean wind components and the gradient terms as described in Equations 1 and 2. Chau et al. (2017) showed 
the difference between these methods. They concluded that the gradient approach is suitable for a better estimate 
of mean winds and showed the potential of the estimated gradient terms in deriving physical quantities such as 
horizontal divergence, relative vorticity, shearing deformation, and stretching of the wind field. The only differ-
ence of the gradient approach between our study and Chau et al., 2017 is the added temporal gradients described 
in Section 4.1. Figures 9b and 9c show the histogram of vertical velocities estimated using the homogeneous and 
gradient approach on the simulated meteor radar (SIMONe 2018 geometry) data based on the UA-ICON model. 
Vertical velocity estimates from the homogeneous method give a mean of −0.07 m/s and a standard deviation of 
2.01 m/s. The estimates from the gradient method give a mean of 0.05 m/s and a standard deviation of 0.94 m/s. 
Although the gradient method reduces the variance of the estimates significantly compared to the homogeneous 
approach, they are not close to the actual UA-ICON data shown in Figure 9a. Here we compare the values of the 
UA-ICON data with the VMMR-based SIMONe results. It should be pointed out that we do not compare the 
velocity values of UA-ICON with the real SIMONe systems, as we do not consider the UA-ICON model as the 
single standard for comparison.

By our definition and using Equation 7, we can write the residual Doppler (dres) as,

𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟 ≈ 2𝜋𝜋𝜋𝜋𝑑𝑑 −
(

𝑢𝑢0 + 𝑢𝑢′
)

𝑘𝑘𝑥𝑥 −
(

𝑣𝑣0 + 𝑣𝑣′
)

𝑘𝑘𝑦𝑦 ≈ 𝑤𝑤0𝑘𝑘𝑧𝑧� (9)

Using Equation 9, we estimated the dres, and the histogram from its values is shown in Figure 9d. To make the dres 
units to m/s, we divided them with the magnitude of 𝐴𝐴 𝑘𝑘𝐵𝐵 . The mean value of the residual Doppler is 0.03 m/s, and 
the standard deviation is 0.66 m/s. Figures 9e and 9f show the altitude-time plots of the residual Doppler and the 
vertical velocity, respectively, that were estimated using the gradient approach. From Figure 9c through 9f, we 
can see a qualitative similarity between the residual Doppler and the estimates of vertical velocity. We find a CC 
of 0.79 between these quantities as shown in Figure 9g.

This analysis gives rise to our speculation about the vertical velocity estimates. We think that this residual Doppler 
is the result of contamination from horizontal components to the vertical velocity estimates. It suggests that the 
estimated vertical velocity in our analysis is a combination of actual vertical velocity and horizontal contami-
nation. When we fit the mean winds and gradient terms as per Equations 1 and 2, we leave out the small-scale 
fluctuations within the time-altitude-horizontal bin. These small-scale fluctuations are velocity fluctuations with 
horizontal scales less than 400 km that are not captured due to the horizontal averaging used in our wind estima-
tion methods. The introduction of gradient terms reduces the biases in our estimation. However, it is not enough 
to estimate mean vertical winds if the actual mean vertical wind is less than ±1–2 m/s.

In Equation 5, the primed quantities constitute the gradient terms, and the non-primed are the mean wind compo-
nents. However, it is clear from our results that the small-scale fluctuations in the zonal and meridional winds are 
not included in Equation 5. If we modify Equation 5, we can write,

𝑢𝑢(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) = 𝑢𝑢0 + 𝑢𝑢′ + 𝑢𝑢𝛼𝛼

𝑣𝑣(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) = 𝑣𝑣0 + 𝑣𝑣′ + 𝑣𝑣𝛼𝛼

𝑤𝑤(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) = 𝑤𝑤0,

� (10)

where u α and v α are the quantities that represent the small-scale fluctuations in the zonal and meridional wind that 
are not fitted in the gradient approach.

These underrepresented quantities are the reason for the variability of ±1–2 m/s in the estimates of the vertical 
velocities. Therefore, all estimates of vertical velocities from the SIMONe systems using the gradient approach 
with a variability of less than ±2 m/s should be treated with extra caution. Due to the smoothing inherent to the 
model results, these results should be treated as lower bounds to the error incurred using real data.

Recent attempts by Chau, Urco, et al. (2021); Stober et al. (2018, 2021), and Volz et al. (2021) independently 
described different methods for estimating horizontally resolved winds at the MLT heights with SMRs. These 
works take into account the inhomogeneity of horizontal winds, which helps to break down winds horizontally 
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in structures which are a few kilometers in size. We believe that such efforts can help to understand the contam-
ination of vertical winds by horizontal inhomogeneities in the gradient approach of multistatic SMRs in general 
and not just SIMONe.

6.3.  Vertical Velocity Estimation: Tidal-Like Features

In our VMMR analysis using the model data, we find that the small-scale structures of the order of ±1–2 m/s are 
due to horizontal wind contamination. However, this result does not explain the tidal-like features found in the 
actual SIMONe data from Germany, Peru, and Argentina (Figure 1). These tidal-like features are more significant 
at altitudes around and above 95 km (Figure 2) and sometimes reach more than 5 m/s in amplitude. Since we used 
various SIMONe geometries in our VMMR, we can claim that these tidal patterns are not the result of sampling 
or geometry errors.

Due to the lack of independent observations of vertical winds, it is challenging to assert geophysical implica-
tions to the unexpected mean values and tidal features observed in our SIMONe systems. As stated before, most 
of the SMR studies did not fit for vertical winds. They consider the vertical velocity to be zero. However, we 
found that high tidal mean amplitudes in the vertical winds from monostatic SMR were previously reported by 
Chang et al. (1999). They observed a diurnal amplitude of 10–15 m/s, which maximizes at midnight across all 
heights using a narrow-beam meteor radar at Christmas Island. Chang et al. (1999) speculated that meteor trail 
scattering is a possible reason for the strong diurnal amplitude observed in Christmas Island. Some of the later 
studies acknowledged the issue as speculation. However, they chose to neglect these influences since most SMRs 
estimate winds only below 100 km (Hocking, 2001). The current general circulation models also suggest that 
synoptic-scale vertical winds are in the order of a few cm/s (Smith, 2012), although most assume an atmosphere 
in hydrostatic equilibrium.

To find the possible reasons for the observed tidal features in vertical velocity estimates, we analyzed the actual 
SIMONe data. One hypothesis is the influence of ion drag on the meteor trail scattering. According to the ion 
momentum equation, there is a vertical drift in the presence of a zonal wind. This effect is maximized at about 
130 km altitude and gradually weakens at lower altitudes due to the stronger coupling of ions to neutrals. A 
detailed description of the mechanism can be found in Haldoupis (2011). According to Haldoupis (2011), the 
vertical ion drift can be up to 2 m/s at 100 km altitude. We know that the trail scattering is associated with the 
electrons; however, they are strongly coupled to the ions. Our hypothesis suggests that electron mean velocity 
will track primarily the ions, which are coupled strongly to the neutrals but deviate slightly due to Lorentz force. 
According to this assumption, we would expect the following behaviors: If the neutral wind is westward, there 
will be a downward ion velocity. If the neutral wind is eastward, there will be an upward ion velocity. If plasma 
motion is the mechanism, we should expect a correlation between zonal winds and vertical winds. For example, 
if there is a diurnal pattern in the zonal wind, there could be a diurnal pattern in the vertical wind estimates.

A simple analysis based on this hypothesis could not explain the diurnal-like pattern in the vertical wind. The 
estimated vertical components from our three systems did not show a correlation with horizontal components 
(not shown here). Also, as stated before, zonal winds in Germany during the SIMONe 2018 campaign had a clear 
semi-diurnal pattern (mid-latitude phenomena); however, the vertical wind had a diurnal pattern. Although we 
failed to find the answer from the hypothesis mentioned above, some missing aspects of the scattering at these 
altitudes may affect the vertical velocity estimates and should be studied in the future.

We carried out further studies to see the dependence of estimated vertical winds on the geomagnetic activity and 
latitudinal dependence. As shown in Figures 1 and 2, tidal-like structures in vertical winds are present in Peru 
(∼12°S), Germany (∼54°N), and Argentina (∼50°S). Hence, we cannot see a latitudinal dependence in the esti-
mates. Preliminary analysis with geomagnetic indices such as Kp (Matzka, Stolle, et al., 2021) and Hpo (Matzka, 
Bronkalla, et al., 2021) did not show any significant correlation with the vertical velocity estimates.

To our understanding of the MLT dynamics, such values and tidal-like features in the mean vertical estimates 
would mean that large-scale horizontal structures would have a few meters per second vertical motions. It would 
also create a considerable change in the temperature of the lower thermosphere region, which should be observed 
by satellites such as Sounding of the Atmosphere using Broadband Emission Radiometry (SABER). However, 
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preliminary analysis based on the SABER satellite did not give any evidence to support this motion (Vargas 
et al., 2021).

The next problem we address in our analysis is to see if multistatic SMR systems can detect large-scale waves in 
the vertical wind if they are present in the MLT region. As shown in Section 5.2, to test the extent of our systems, 
we introduced large-scale waves to the vertical component of the model data. In each iteration, we gradually 
increased the amplitude of 24-hr period waves. As we reached an amplitude of 2 m/s, we began to reproduce 
the features using our virtual SIMONe systems (Figure 9). This analysis substantiated our preliminary study 
(Section 6.1) using the VMMR by stating that the variability less than ±2 m/s is highly speculative due to the 
horizontal contamination. However, if there is a persistent large-scale wave present in the MLT with an amplitude 
of more than 2 m/s, the SIMONe systems should be able to capture them effectively.

To test the possibility of observing large-scale waves in the vertical wind in the MLT using SMRs, we introduced 
diurnal tides in the UA-ICON vertical wind with amplitudes up to 5 m/s. However, these added waves are not 
based on any realistic atmospheric condition that we are aware of; instead, they are introduced only to see the 
capability of multistatic SMRs to detect large-scale waves in the vertical wind if they are present in the MLT. 
Thus, we are not using this test to give geophysical implications to the tidal-like features observed in the actual 
SIMONe observations in Argentina, Germany, and Peru.

From our preliminary analyses on the tidal-like features on the vertical wind in the actual data, we could not find 
a connection to any geophysical phenomena that could be a potential reason. However, since the observed values 
are not expected, we speculate that there might be some missing aspects of the scattering at these altitudes that 
might affect mainly the vertical velocities. Therefore, understanding these tidal features and mean values will 
require further investigations based mainly on the scattering mechanisms at altitudes above 90 km and non-hydro-
static general circulation models with higher resolution. We would also propose multi-instrumental campaigns 
to understand our results of large-scale waves observed in the vertical velocity from multistatic SMR systems.

7.  Conclusions
In this work, we present a validation study of mean winds and gradient estimation analysis of multistatic SMRs. 
Our study is motivated by the tide-like large-scale structures and unexpected mean values in the vertical velocity 
estimates in the MLT from our SIMONe systems in Argentina, Germany, and Peru. It is not a comparative study 
between the winds obtained from models and multistatic SMRs. Instead, we created a tool called VMMR based 
on data from the UA-ICON high-resolution model to validate the quantities estimated from SIMONe systems 
in particular and multistatic SMRs in general. This tool, the VMMR, can validate all the analyses connected to 
multistatic SMRs. However, in our study, we focus only on the estimation techniques related to the mean winds 
and gradients in the MLT.

In our VMMR, we consider the UA-ICON model output as our pseudo atmosphere. Therefore, we used various 
SIMONe system geometries and realistic meteor samplings to simulate multistatic SMR observations on this 
pseudo atmosphere. These virtually simulated meteor observations were then used to estimate mean winds and 
gradients and were compared with the model data.

From our analyses, we can conclude that the methods to estimate the mean zonal and meridional components 
of velocity work effectively in the multistatic SMRs. The horizontal wind gradient estimation using multistatic 
SMRs show in general a good correlation, where some geometries are better than others. Hence, it is also clear 
that the accurate estimation of gradient terms requires larger meteor observation networks such as SIMONe 2018. 
The other existing systems, such as SIMONe Peru and Argentina, give a good correlation, but not as excellent as 
SIMONe 2018.

The validation tests on the vertical velocity estimation show a poor correlation. However, our VMMR results 
could only explain the variability of ±1–2 m/s in the estimates. These variabilities are due to the small-scale 
structures present in the horizontal winds and their leakage to the vertical velocity estimates. These tests did not 
explain the large-scale tide-like structures observed in the actual SIMONe observations in Peru, Argentina, and 
Germany. Further tests using virtual radar systems by inducing diurnal tides to the UA-ICON data suggest that 
the SIMONe systems can estimate the large-scale variations in the MLT vertical winds if they have an amplitude 
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larger than 2 m/s. However, these tests are not imposing a geophysical significance to the actual observed tide-
like features in the vertical velocities from SIMONe systems; rather, they display the capability of the systems.

Data Availability Statement
The data used to generate the figures presented in this manuscript can be found in HDF5 here: https://dx.doi.
org/10.22000/499.
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