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Abstract The upper ionosphere of Mars contains a variety of perturbations driven by solar wind
forcing from above and upward propagating atmospheric waves from below. Here we explore the global
distribution and variability of ionospheric irregularities around the exobase at Mars by analyzing topside
sounding data from the Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS)
instrument on board Mars Express. As irregular structure gives rise to off-vertical echoes with excess
propagation time, the diffuseness of ionospheric echo traces can be used as a diagnostic tool for perturbed
reflection surfaces. The observed properties of diffuse echoes above unmagnetized regions suggest that
ionospheric irregularities with horizontal wavelengths of tens to hundreds of kilometers are particularly
enhanced in the winter hemisphere and at high solar zenith angles. Given the known inverse dependence
of neutral gravity wave amplitudes on the background atmospheric temperature, the ionospheric
irregularities probed by MARSIS are most likely associated with plasma perturbations driven by atmospheric
gravity waves. Though extreme events with unusually diffuse echoes are more frequently observed for
high solar wind dynamic pressures during some time intervals, the vast majority of the diffuse echo events
are unaffected by varying solar wind conditions, implying limited influence of solar wind forcing on the
generation of ionospheric irregularities. Combination of remote and in situ measurements of ionospheric
irregularities would offer the opportunity for a better understanding of the ionospheric dynamics at Mars.

1. Introduction

The dayside ionosphere of Mars is created primarily by photoionization of the neutral atmosphere by solar
extreme ultraviolet radiation. Though the primary portion of the Martian ionosphere is well described by a
Chapman layer, a wealth of observations indicate the presence of complex structure and dynamics that are
not predicted by Chapman theory (Withers, 2009, and references therein). For example, as a consequence
of the absence of a strong global magnetic field, the upper atmosphere of Mars directly interacts with the
solar wind, driving a variety of dynamic processes in the upper ionosphere (e.g., Dubinin et al., 2008, 2009;
Gurnett et al., 2010; Halekas, Brain, et al., 2016; Ruhunusiri et al., 2016; Wang & Nielsen, 2003). The upper
atmosphere is also influenced by energy and momentum sources from the lower atmosphere via upward
propagating atmospheric waves (e.g., Bougher et al., 2004; Bougher, Jakosky, et al., 2015; Fritts et al., 2006;
Keating et al., 1998; Medvedev & Yiğit, 2012; Medvedev et al., 2011; Wang & Nielsen, 2004; Withers et al., 2003,
2006; Yiğit et al., 2015). As the ion-neutral collision frequency exceeds the ion cyclotron frequency below an
∼160 km altitude over strong crustal field regions and an ∼225 km altitude over weak field regions in the
Martian ionosphere (Opgenoorth et al., 2010; Riousset et al., 2013), the ionospheric plasma is coupled to the
neutral constituents via collisions.

The Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) instrument on board the Mars
Express spacecraft has provided over 12 years of remote and in situ measurements pertinent to the structure
and variability of the Martian topside ionosphere (Gurnett et al., 2008; Jordan et al., 2009). MARSIS conducts
topside sounding of the Martian ionosphere in the Active Ionospheric Sounding (AIS) mode. In the AIS mode,
the transmitter sweeps 160 sounding frequency steps between 0.1 and 5.5 MHz. At each frequency step, a
91.4 μs pulse is transmitted and then return signals at the sounding frequency are recorded in 80 time delay
bins with 91.4 μs resolution. The frequency sweep takes 1.26 s and is repeated with 7.54 s cadence. For a hor-
izontally stratified ionosphere, the radio waves emitted at a wide range of angles are reflected in a specular
fashion at the altitude where the radio frequency, f , equals the electron plasma frequency, fpe, and only ver-
tically propagating waves return back to the spacecraft as illustrated in Figure 1a. The obtained ionospheric
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Figure 1. Schematic illustration of MARSIS observation geometry of different types of ionospheric echoes: (a) nominal
ionospheric echoes from a horizontally stratified ionosphere, (b) oblique echoes from ionospheric structure above
vertical crustal magnetic fields, and (c) diffuse echoes from ionospheric irregularities.

echo trace with the echo time delay as a function of frequency provides information on the vertical electron
density profile of the topside ionosphere at altitudes above the maximum electron density.

In addition to remote sensing of electron density profiles (Kopf et al., 2008, 2017; Morgan et al., 2008, 2013)
and in situ measurements of local electron density (Andrews et al., 2013; Duru et al., 2008, 2011) and mag-
netic field strength (Akalin et al., 2010), MARSIS data can be utilized to investigate ionospheric irregularities at
Mars because radar sounding is also sensitive to irregular structure in the ionosphere. Ionospheric irregulari-
ties have been postulated to cause diffuse nature of ionospheric echoes in MARSIS ionograms (Gurnett et al.,
2008), by analogy with spread F ionograms obtained at Earth (e.g., Booker & Wells, 1938). Spread F, one of the
oldest topics in the terrestrial aeronomy, represents a collection of phenomena that involve F region irregu-
larities with a wide range of spatial scale sizes observed by a number of different measurement techniques,
and its phenomenological properties and physical mechanisms have been extensively studied (Abdu et al.,
2012; Booker & Ferguson, 1978; Huang & Kelley, 1996; Kelley et al., 2011; King, 1970; Makela & Otsuka, 2012;
Pfaff, 2012; Sales et al., 1996; Tsunoda, 2010a, 2010b; Tsunoda et al., 1982; Woodman, 2009; Wright et al., 1996).
However, we note that caution must be exercised when comparing the generation processes of ionospheric
irregularities because the topside ionosphere of Mars below ∼200 km altitudes is comparable to the terres-
trial E region rather than the F region in the sense that ions are unmagnetized while electrons are magnetized
as pointed out by Fowler et al. (2017).

Initial in situ measurements by the Mars Atmosphere and Volatile Evolution (MAVEN) mission revealed a
high level of interorbit and intraorbit variability of ionospheric and neutral densities (Bougher, Jakosky, et al.,
2015), implying the common presence of large density fluctuations in the Martian upper ionosphere. Recently,
Fowler et al. (2017) reported MAVEN in situ measurements of electromagnetic irregularities with large density
amplitudes up to 200% and spatial scale sizes of 15–20 km in the Martian ionosphere below 200 km altitudes.
However, the global distribution, long-term (e.g., seasonal) variability, and generation processes of these
ionospheric density fluctuations are yet to be fully elucidated. Characterization of the ionospheric irregular-
ities and identification of their formation mechanisms will help to understand the complex dynamics of the
Martian ionosphere driven both by neutral forcing (via atmospheric waves and winds) and by solar forcing (via
solar radiation and solar wind). In this paper, we explore the global distribution and variability of ionospheric
irregularities that are observed as diffuse echoes by MARSIS topside sounding.

2. Observations
2.1. A Diffuse Echo Event
Figure 2 presents a sample periapsis observation on the dayside. Mars Express traveled over moderately strong
crustal magnetic fields in the southern hemisphere during the inbound segment, followed by the outbound
segment over the mostly unmagnetized region in the northern hemisphere (Figure 2c). Figure 2a displays a
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Figure 2. Sample diffuse echo event on 23 September 2005. Time series of (a) echo intensity versus apparent altitude
(radargram) for 1.9–2.0 MHz echoes, (b) apparent range spread (dR′) derived from Gaussian fitting, and (c) crustal
magnetic field strength (black) and magnitude of the radial component (red) at a 400 km altitude at the geographic
longitude and latitude of the spacecraft location computed from the spherical harmonic model by Morschhauser et al.
(2014). Mars Express altitude, solar zenith angle, geographic east longitude, latitude, and Mars Solar Orbital (MSO)
longitude are indicated in the text label. The red lines in Figure 2a represent H′

echo
± dR′∕2 obtained from the Gaussian

fit. Snapshots of the echo intensity at 18:15:30 UT in the ionogram format (d1) and in the H′ profile (d2) and at
18:22:17 UT (e1–e2). The vertical dashed lines in Figures 2d1 and 2e1 denote the frequency range of 1.9–2.0 MHz used
to produce the radargram (Figure 2a) and H′ profiles (Figures 2d2 and 2e2). The red lines in Figures 2d2 and 2e2 show
the Gaussian fit results (see text for detail) and the red texts show the best fit parameters with 1-sigma uncertainty
estimates obtained in the unknown measurement error approach (Press et al., 1992). The snapshot times are indicated
by the arrows and dashed lines in Figures 2a–2c.
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radargram of 1.9–2.0 MHz echoes, showing the echo intensity as a function of apparent altitude (H′ = cΔt∕2,
where c is the speed of light and Δt is the time delay) and time. Note that the apparent altitude, H′, is not
corrected for plasma dispersion (radio wave propagation slower than c), and H′ is lower than the true reflec-
tion altitude, H. Primed quantities hereafter refer to apparent distances uncorrected for plasma dispersion,
while unprimed counterparts represent true distances. The 1.9–2.0 MHz echoes are reflected from electron
densities of 4.5–5.0 × 104 cm−3 typically at H ∼160–200 km in the dayside ionosphere (e.g., Ergun et al.,
2015; Morgan et al., 2008). We observe a nearly horizontal trace at H′ ∼120 km (labeled “nominal echoes” in
Figure 2a), which represents echoes reflected vertically from a horizontally stratified ionosphere (Figure 1a).
Additionally, hyperbola-shaped traces, labeled “oblique echoes” in Figure 2a, are found above the strong
crustal magnetic fields (Figure 2c). These oblique echoes are interpreted as ionospheric echoes that return
at an oblique angle from a fixed target associated with an upward bulge in the ionosphere on open field
lines as illustrated in Figure 1b (Andrews et al., 2014; Diéval et al., 2015; Duru et al., 2006; Gurnett et al., 2005;
Nielsen et al., 2007; Venkateswara Rao et al., 2017). The primary ionospheric echo trace at H′ ∼ 120 km is usu-
ally narrow with only one or two H′ bins (one H′ bin corresponding to 13.7 km) showing strong signals. This
is expected because the transmitted pulse length (91.4 μs) corresponds to a finite pulse width of 13.7 km in
H′. The narrow nature of the nominal ionospheric echo trace is demonstrated in the snapshot at 18:15:30 UT
shown in the ionogram format (Figure 2d1, showing the echo intensity as a function of time delay and fre-
quency) and in the H′ profile (Figure 2d2). However, the width of the ionospheric echo trace is broadened
after 18:19 UT (Figure 2a). As demonstrated in Figures 2e1 and 2e2, significant echo intensity (comparable to
the peak intensity) was recorded over three or more H′ bins for these diffuse echoes. As these diffuse echoes
were observed over very weak crustal magnetic fields (<∼2 nT at a 400 km altitude, Figure 2c) and they were
not accompanied by hyperbola-shaped traces, we would not classify them as the classical oblique echoes
associated with ionospheric structure in strong crustal magnetic fields. It has been proposed that such diffuse
echoes are caused by a spread in time delays of a number of off-vertical echoes reflected/scattered from iono-
spheric irregularities as illustrated in Figure 1c (Gurnett et al., 2008; Harada et al., 2017), detailed properties of
which remain unclear.

To quantify the diffuseness of ionospheric echoes, we conduct least squares fitting to the measured H′ profiles
of the echo intensity by a Gaussian profile,

S(H′) = Speak exp

(
−(H′ − H′

peak)
2

W′2

)
, (1)

where S(H′) is the echo spectral density as a function of apparent altitude, Speak is the peak intensity, H′
peak is

the apparent altitude of the peak center, and W′ is the e-folding half width. To represent the width of the return
pulse, we take a full width of 1/2 peak amplitude (1/4 peak power) and define an apparent range spread as
dR′

≡ (2
√

2 ln 2)W′, which can be derived from 1∕4 = exp(−(dR′∕2)2∕W′2) (note that the transmitted pulses
reach 1/2 amplitude immediately after the impulse commences; see Figure 6 of Morgan et al., 2013). We fit
the Gaussian profile to the measured echo intensity profile in a range between 20 km < H′ < 200 km, thereby
obtaining best fit values of the Gaussian parameters, Speak, H′

peak, and W′. The red lines in Figures 2d2 and 2e2
display fitting results for the sample echo profiles. We note that as we conduct least squares fitting in a linear
scale, our fitting procedure preferentially evaluates data points with echo intensities comparable to the peak
intensity. Therefore, dR′ represents the width of the primary peak and does not capture weak signals at high-
and low-altitude tails of the peak.

We repeat the Gaussian fitting procedure for each time step. To ensure clean profiles of ionospheric echoes,
we reject H′ profiles if the maximum intensity is less than 10−15 (V/m)2/Hz (thereby excluding profiles with
extremely weak echoes or no echoes). We also require that at least one data point above the maximum
intensity altitude is at least an order of magnitude smaller than the maximum intensity, and similarly below
the maximum intensity altitude (thereby filtering out “flat” profiles which happen when plasma oscillation
harmonics contaminate the echo profile). Figure 2b shows a time series of the best fit dR′, while the red
lines in Figure 2a represent H′

peak ± dR′∕2. We observe small dR′ (∼13 km) for the nominal echoes and
consistently large dR′ (∼20 km) for diffuse echoes, demonstrating that our fitting procedure successfully cap-
tures the diffuseness of primary ionospheric echoes. It is also seen in the inbound segment that large dR′

can be caused by overlapped multiple traces in the presence of the oblique echoes above strong crustal
magnetic fields.
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Figure 3. Median apparent range spread (dR′) of ionospheric echoes in (a) geographic and (b) MSO coordinates. Number of echoes in (c) geographic and
(d) MSO coordinates used to generate Figures 3a and 3d. The black contours in Figures 3a and 3c show the crustal magnetic field strength, |Bc|, at a 400 km
altitude. The black contours in Figures 3b and 3d denote solar zenith angles.

2.2. Data Processing
In this paper, we present analysis of 1.9–2.0 MHz echoes. We chose this frequency range based on two com-
peting factors: (i) mitigating contamination from plasma oscillation harmonics and electron cyclotron echoes
(higher frequencies are better because the contamination is more significant at lower frequencies) and (ii)
obtaining a larger number of ionospheric echoes (lower frequencies are better because ionospheric echoes
are detectable over a wider range of solar zenith angles). We note that we performed the same procedure for
other frequency ranges between 1.5 MHz and 2.6 MHz and obtained qualitatively similar results.

We utilize a long-term MARSIS data set obtained from June 2005 to June 2017 at spacecraft altitudes lower
than 1,100 km (thereby ensuring that ionospheric echoes can be detected within the measured time delay
range). We perform the Gaussian fitting to each of the measured H′ profiles of echo intensities that satisfy the
selection criteria described in section 2.1. Figures 3a and 3b show geographic and Mars Solar Orbital (MSO)
distributions of median values of the best fit dR′ in 5∘ ×5∘ bins. The MSO coordinate system is defined in such
a way that the x axis points from Mars toward the Sun, y points opposite to the direction of Mars’ orbital veloc-
ity component perpendicular to x, and z completes the orthogonal coordinate set. Negative (positive) MSO
longitudes correspond to the dawnside (duskside) of Mars. This ionospheric echo data set provides nearly uni-
form geographic coverage (Figures 3c), but the MSO sampling is highly nonuniform (Figure 3d) owing to the
biased orbital coverage (the dawnside is not well sampled) and the lack of usable profiles on the nightside
(where detectable ionospheric echoes are typically absent at 1.9–2.0 MHz (Diéval et al., 2014; Němec et al.,
2010, 2011)). The observed apparent range spread shows a clear correlation with the crustal magnetic field
strength (Figure 3a) as expected from the enhanced dR′ caused by overlapping of the vertical and oblique
echo traces above strong crustal magnetic fields (Figures 2a-2c). As our main interest here is the diffuse echoes
detected above unmagnetized regions, we exclude data obtained above magnetized regions with |Bc|> 5 nT
at a 400 km altitude in the following analysis, resulting in removal of about a half of the echo data.

2.3. Properties of Diffuse Echoes
2.3.1. Range Dependence
We first investigate dR′ dependence on the observation geometry, specifically on spacecraft altitudes, HS/C.
As the state of the ionosphere is not influenced by spacecraft altitudes, any dependence of dR′ on HS/C is
nongeophysical and must be corrected before combining data obtained at different spacecraft altitudes.
Figure 4 shows the apparent range spread (dR′) as a function of apparent range of the vertical echo (R′

≡

HS/C −H′
peak −dR′∕2, which represents the apparent distance to the upper edge of the echo profile). Since the

spacecraft altitude varies more widely compared with the ionospheric height, most of the echo range vari-
ations originate from the variation in spacecraft altitudes. We observe a clear linear relation with a nonzero
offset as demonstrated by the linear fit shown in red in Figure 4. The nonzero offset, dR′

0 = 13.2 km, can
be explained by the finite length of the transmitted pulse (91.4 μs, corresponding to the apparent range
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Figure 4. Apparent range spread (dR′) versus apparent range (R′) plot from
ionospheric echoes detected above unmagnetized regions. The black
diamonds with error bars represent the median dR′ with quartiles in 50 km
R′ bins. The red line shows linear fitting to the medians, and the equation in
red shows the best fit parameters with 1-sigma uncertainty estimates.

width of 13.7 km). If we define an excess apparent range, dR′
ex ≡ dR′ −

dR′
0, then dR′

ex is proportional to R′. Given that the excess time delay is
proportional to the additional echo path length compared with the short-
est (vertical) return path, the proportional relation between dR′

ex and R′

indicates that the angle of arrival, 𝜃 ∼ arctan(
√

2dR∕R), where R is the
vertical echo range and dR is the excess range (Figure 1c), is indepen-
dent of spacecraft altitudes. This suggests that the extent of the measured
range spread is determined by the angular extent of return echoes, not
by the horizontal extent of the reflection/scattering target (∼2

√
2RdR, see

Figure 1c) nor by altitude variations of reflection sources within the first
Fresnel zone (in which case dR should be independent of R). Assuming
that the ratio of apparent lengthening by dispersion is similar for ver-
tical and oblique paths ( R′∕R ∼ (R′ + dR′

ex)∕(R + dR) and therefore
dR∕R ∼ dR′

ex∕R′), we approximate the angular extent of return echoes by
𝜃 ∼ arctan(

√
2dR′

ex∕R′).

The echo angular extent, 𝜃, represents a measure of echo diffuseness cor-
rected for the range dependence, providing information on ionospheric
irregularities that are responsible for producing the diffuse nature of iono-
spheric echoes. Figure 5 shows geographic and MSO distributions of the
echo angular extent and data density for unmagnetized regions. The

median of the echo angular extent detected above unmagnetized regions is 6.4∘ , and the lower and upper
quartiles are 3.7∘ and 9.0∘ , respectively. On average, we do not find any prominent dependence on geo-
graphic location (Figure 5a), whereas we observe larger angular extents near the terminator and on the
nightside (Figure 5b). This solar zenith angle dependence is directly demonstrated in Figure 6, which clearly
shows the elevated level of echo angular extent at high solar zenith angles.
2.3.2. Seasonal Variability
We now investigate seasonal variability of ionospheric irregularities. As the state of the upper atmosphere
varies dramatically with season (e.g., Bougher, Pawlowski, et al., 2015), conditions for the ionospheric irregu-
larity generation might change with season. Figure 7 shows geographic and MSO distributions of the echo
angular extent separated for four different solar longitude (LS) ranges. Both the geographic and MSO distribu-
tions exhibit remarkable north-south asymmetry during the solstices (Figures 7c, 7d, 7g, and 7h). The median
angular extent is significantly enhanced in the winter hemisphere, namely, in the southern hemisphere during
the northern summer solstice (Figures 7c and 7d) and in the northern hemisphere during the northern winter

Figure 5. Median angular extents of ionospheric echoes above unmagnetized regions in (a) geographic and (b) MSO coordinates. Number of echoes in
(c) geographic and (d) MSO coordinates used to generate Figures 5a and 5d.
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Figure 6. Echo angular extent versus solar zenith angle (SZA) plot from
ionospheric echoes detected above unmagnetized regions. The diamonds
with error bars represent the median values with quartiles in 10∘ SZA bins.

solstice (Figures 7g and 7h). Meanwhile, the equinox data show intermedi-
ate states between the solstices with no obvious north-south asymmetry
(Figures 7a, 7b, 7e, and 7f). We do not see any clear dependence on geo-
graphic longitudes (Figures 7a, 7c, 7e, and 7g). Figure 8 shows echo angular
extent versus LS plots for the northern and southern hemispheres. It is clearly
seen that the angular extent distribution shifts systematically toward larger
values in the winter hemisphere (LS ∼ 270∘ in Figure 8a and LS ∼ 90∘ in
Figure 8b) compared with the summer hemisphere (LS ∼ 90∘ in Figure 8a
and LS ∼ 270∘ in Figure 8b). The prominent enhancement of the echo angu-
lar extent in the winter hemisphere suggests that some kind of atmospheric
and/or ionospheric conditions in the winter hemisphere are favorable for
generation of ionospheric irregularities.

We briefly discuss dependence of ionospheric irregularities on the Mars-Sun
distance, which varies with season. We first point out that the observed
north-south asymmetry must reflect seasonal dependence because the
Mars-Sun distance does not differ in the northern and southern hemispheres
in a particular season. Meanwhile, the slightly higher median peak at ∼7.9∘

around LS ∼ 270∘ (close to the perihelion) in Figure 8a compared to the peak
at ∼7.4∘ around LS ∼ 90∘ (close to the aphelion) in Figure 8b might be caused by the different Mars-Sun
distances. However, this shift is much smaller than the seasonal variation.

2.3.3. Solar Wind Control
Next we examine dependence of the echo angular extent on the solar wind condition. To organize the MARSIS
data according to the solar wind condition, we utilize solar wind ion parameters measured by the Solar Wind
Ion Analyzer (SWIA) on board MAVEN (Halekas, Ruhunusiri, et al., 2016) as well as the subsolar magnetic field
strength derived from Mars Global Surveyor (MGS) measurements as a proxy for the upstream pressure (Brain
et al., 2005). Simultaneous measurements of the upstream pressure and ionospheric sounding are available for
limited intervals (after October 2014 for SWIA-MARSIS and until November 2006 for MGS-MARSIS), resulting
in substantial reduction in the data volume. In Figure 9, we present histograms of the echo angular extent
for high and low solar wind dynamic pressure conditions during each season. During the northern summer
solstice for the SWIA interval and the equinoxes for the MGS interval, only very small numbers of echoes are
available (<3,000) and we do not find any meaningful trends in these statistically poor histograms (not shown).
A common feature among the shown histograms is that the major parts near the peaks of event distributions
remain unchanged for varying solar wind conditions. In Figures 9a, 9b, and 9d, extreme events (e.g., 𝜃 > 15∘)
in the minor tail distributions are observed more frequently for the high dynamic pressures compared to the
low pressures, but this trend is less clear in Figure 9e and no difference is seen in Figure 9c. The inconsistent
response to variations in solar wind dynamic pressures during different time intervals implies that the solar
wind may modify the nature of diffuse echoes in a complex manner, details of which remain elusive.

3. Discussion
3.1. Scale Size of Ionospheric Irregularities
We first discuss the spatial scale size of ionospheric irregularities that cause the diffuse echoes detected by
MARSIS. Depending on the irregularity scale size, several reflection/scattering processes can give rise to dif-
fuse nature of ionospheric echoes as extensively studied for spread F ionograms at Earth (e.g., Wright et al.,
1996). If the scale size of the irregularity, 𝜆irr, is larger than the first Fresnel zone diameter, LF, the transmit-
ted radio waves reflect in a specular manner from ionization surfaces (this process is called total reflection as
opposed to scattering discussed later). In this case, diffuse traces in ionograms result from unresolved traces
of multiple off-vertical echoes reflected from undulated iso-density surfaces (Bowman, 1990; King, 1970;
Reinisch et al., 2004; Tsunoda, 2010a). Diffuse traces can be also caused by scattering from small-scale irregu-
larities with 𝜆irr < LF. In particular, possible explanations for spread F ionograms have been discussed in terms
of scattering from irregularities with 𝜆irr ∼ 𝜆∕2, where 𝜆 is the radio wavelength, (coherent/Bragg scatter)
(Abdu et al., 2012; Booker & Ferguson, 1978; Sales et al., 1996) and from those with 𝜆irr ≪ 𝜆 (Rayleigh scatter)
(Booker & Wells, 1938). For MARSIS observations of 1.9–2.0 MHz echoes, the radio wavelength is 𝜆 ∼ 150 m,
the echo range is R ∼ 200–1,000 km, and the Fresnel scale is LF ∼ 10–20 km.
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Figure 7. Median angular extents of ionospheric echoes above unmagnetized regions in (a) geographic and (b) MSO coordinates during the northern spring
equinox (LS ∼ 0∘), (c, d) summer solstice (LS ∼ 90∘), (e, f ) autumn equinox (LS ∼ 180∘), and (g, h) winter solstice (LS ∼ 270∘).

We now compare the observed echo properties with the expected ones for different size irregularities. We
consider how the reflection and scattering processes alter the nature of ionospheric echoes measured by
MARSIS for three ranges of irregularity scale sizes: (i) 𝜆irr > R, (ii) LF < 𝜆irr < R, and (iii) 𝜆irr < LF as illustrated in
Figure 10.

First, if the irregularity size is larger than the echo range (𝜆irr > R), MARSIS will detect a single echo reflected
from a tilted iso-density surface (Figure 10a), which will not lead to diffuse echoes. Therefore, planetary-scale
ionospheric structure with 𝜆irr > 1, 000 km cannot explain the diffuse nature of ionospheric echoes.

Second, total reflection from a wavy surface with LF < 𝜆irr < R will produce multiple specularly reflected
echoes (Figure 10b), which may be detected as unresolved diffuse traces given the relatively coarse time delay
resolution of MARSIS. As illustrated in Figure 10b, the angular extent of specularly reflected echoes is geo-
metrically restricted by the maximum inclination of the reflection surface. Assuming a sinusoidal undulation
of dH sin(2𝜋x∕𝜆irr), where dH is the amplitude of the reflection surface undulation and x is the horizontal dis-
tance, the maximum inclination is derived as 2𝜋dH∕𝜆irr. In this model, the echo angular extent is determined
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Journal of Geophysical Research: Space Physics 10.1002/2017JA024913

2005-06-01 - 2017-07-01
 Alt.: 0 -> 1100 km
 Lat.: 0 -> 90 deg.

 |Bc| at 400 km alt.: 0 -> 5 nT

0 90 180 270 360

LS [deg.] LS [deg.]

2

4

6

8

10

12

1.
9-

2.
0 

M
H

z 
E

ch
M

ed
ia

n 
A

ng
ul

ar
 E

xt
en

t [
de

g.
]

2005-06-01 - 2017-07-01
 Alt.: 0 -> 1100 km
 Lat.: -90 -> 0 deg.

 |Bc| at 400 km alt.: 0 -> 5 nT

0 90 180 270 360
2

4

6

8

10

12

1.
9-

2.
0 

M
H

z 
E

ch
M

ed
ia

n 
A

ng
ul

ar
 E

xt
en

t [
de

g.
]

)b()a(

erehpsimeH nrehtuoSerehpsimeH nrehtroN

Figure 8. Echo angular extent versus solar longitude (LS) plot from ionospheric echoes detected above unmagnetized
regions in the geographic (a) northern and (b) southern hemispheres. The diamonds with error bars represent the
median values with quartiles in 30∘ LS bins.

by the ratio between the amplitude and wavelength of relevant irregularities, which can explain the observed
independence of echo angular extents from spacecraft altitudes. Using a typical value of 𝜃 ∼ 8∘ of the
observed diffuse echoes in the winter hemisphere (e.g., Figures 7 and 8), we obtain dH∕𝜆irr ∼ 0.02. Based on
these observations, the properties of diffuse echoes detected by MARSIS are consistent with total reflection
from ionospheric irregularities with tens of kilometers< 𝜆irr <hundreds of kilometers and vertical undulation
amplitudes of a few percent of the horizontal scale sizes.

Finally, scattering from small-scale irregularities with 𝜆irr < LF can cause range spread as additional paths can
be obtained by backscatter at oblique incidence and/or multiple scattering (Figure 10c). However, intensi-
ties of these scattered echoes are estimated to be at least 2 orders of magnitude weaker than those of total
reflection echoes (Bowman, 1990; King, 1970; Wright et al., 1996). The expected weak signals are inconsistent
with the diffuse echoes analyzed in this paper because our fitting procedure only concerns relatively strong
echoes with intensities comparable to the primary peak. Furthermore, these scattering processes do not nec-
essarily require echo angular extents to be independent of echo ranges. Thus, it is unlikely that scattering
from subkilometer scale irregularities is the dominant process that causes the relatively strong diffuse echoes
measured by MARSIS.

Figure 9. Normalized histograms of angular extents of ionospheric echoes above unmagnetized regions for high solar wind dynamic pressure conditions
(dot-dashed red lines, higher than the upper quartile) and low dynamic pressure conditions (solid blue lines, lower than the lower quartile) during (a) the
northern spring equinox (LS ∼ 0∘), (b) autumn equinox (LS ∼ 180∘), and (c) winter solstice (LS ∼ 270∘) according to the MAVEN SWIA data, and those during
(d) the northern summer solstice (LS ∼ 90∘), and (e) winter solstice (LS ∼ 270∘) based on the MGS upstream pressure proxy data. The vertical lines denote the
median value for each condition.
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Figure 10. Schematics illustrating that ionospheric irregularities modify echo properties in a variety of ways depending
on the horizontal scale size of irregularities (𝜆irr) with respect to the echo range (R) and the first Fresnel zone
diameter (LF).

Having explored a wide range of irregularity scale sizes, we conclude that total (specular) reflection from iono-
spheric irregularities with horizontal scale sizes of tens to hundreds of kilometers is the most likely explanation
for the diffuse echoes measured by MARSIS.

3.2. Driving Processes
We now explore geophysical processes that generate the ionospheric irregularities at ∼160–200 km altitudes
probed by MARSIS. The diffuse echo observations exhibit systematic preferences for high solar zenith angles
and the winter hemisphere (Figures 5–8). One possible explanation for this trend is provided by internal grav-
ity waves (GWs) in the Martian neutral thermosphere. MAVEN observations revealed that density amplitudes
of GWs with horizontal wavelengths of∼100–500 km around the exobase (∼180–220 km altitudes) are on the
order of∼10–20% on average and are anticorrelated with the background atmospheric temperature (England
et al., 2017; Terada et al., 2017). The background atmospheric temperature around the exobase decreases
at high solar zenith angles and in the winter hemisphere (e.g., Bougher, Pawlowski, et al., 2015). Figure 11
shows MARSIS echo angular extents organized by predicted neutral atmospheric temperatures from the Mars
Global Ionosphere-Thermosphere Model (M-GITM) (Bougher, Pawlowski, et al., 2015; Bougher, Cravens, et al.,
2015). We observe clear inverse dependence of echo angular extents on the predicted neutral temperature,
suggesting that large-amplitude ionospheric irregularities coincide with large-amplitude neutral GWs. The
lack of geographic dependence is another common feature in the observations of neutral GWs (Terada et al.,
2017) and ionospheric irregularities (Figures 5 and 7). In situ measurements of thermal ions and neutrals by
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Figure 11. Echo angular extent versus predicted neutral temperature (Tn)
plot from ionospheric echoes detected above unmagnetized regions, with
Tn from the M-GITM model (Bougher, Pawlowski, et al., 2015; Bougher,
Cravens, et al., 2015). The diamonds with error bars represent the median
values with quartiles in 25 K Tn bins. Tn for a given MARSIS measurement is
taken from the corresponding (local time, latitude) bin at a 200 km altitude
in areodetic vertical coordinates of three-dimentional data cubes for the
moderate solar activity M-GITM simulation during each season (LS = 0∘ , 90∘,
180∘, and 270∘), available at https://lasp.colorado.edu/maven/sdc/public/
pages/models.html.

MAVEN demonstrate the presence of ion density oscillations closely asso-
ciated with neutral GWs (Bougher, Jakosky, et al., 2015; Grebowsky et al.,
2017). Note that the horizontal wavelengths of the observed GWs are also
consistent with those estimated for the ionospheric irregularities probed
by MARSIS (tens to hundreds of kilometers, see section 3.1). The observed
correlation between neutral GW amplitudes and ionospheric irregularities
implies that neutral GWs in the Martian thermosphere provide a dominant
driver for plasma perturbations around the exobase.

We observe limited influence of varying solar wind conditions on dif-
fuse echoes (Figure 9). The major parts of the angular extent distributions
remain unchanged for high and low dynamic pressure conditions. The
minor tail distributions consisting of extreme events are enhanced for
high solar wind dynamic pressures during some intervals, but they do not
change during other intervals. Though the reasons for this inconsistent
behavior of extreme events remain unclear, it appears that ionospheric
perturbations by the solar wind energy input alone cannot account for
the majority of ionospheric irregularities probed by MARSIS. In compar-
ison with the clear seasonal dependence shown in Figures 7 and 8, the
solar wind driver seems to have less significant effects on the production
of ionospheric irregularities. We note that neutral GW observations also
show no clear dependence on solar wind parameters (Terada et al., 2017).

Here we briefly discuss the role of plasma instabilities in the generation
of ionospheric irregularities at Mars. For the nighttime equatorial spread
F at Earth, the formation of plasma bubbles and associated ionospheric
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irregularities is generally explained by the combination of the gravity-driven Rayleigh-Taylor instability and
seeding from GWs and/or shear flows (Kelley et al., 2011; Makela & Otsuka, 2012; Pfaff, 2012; Tsunoda, 2010a,
2010b; Woodman, 2009). Though basic phenomenological properties of the equatorial plasma bubbles are
consistent with the Rayleigh-Taylor instability, the seeding mechanisms are needed to overcome the slow
growth rate of the instability and explain the significant day-to-day variability in the spread F occurrence. At
Mars, the observed seasonal dependence of diffuse echoes in the MARSIS data indicates a direct correlation
between ionospheric irregularities and atmospheric GWs, suggesting that GWs play a central role in con-
trolling the occurrence of the ionospheric irregularities. This implies that plasma instabilities may uniformly
contribute to the growth of GW-driven plasma perturbations or that they do not play any significant role in
generating the ionospheric irregularities.

4. Conclusions

We present MARSIS observations of diffuse ionospheric echoes, which are indicative of ionospheric irregular-
ities deviated from a horizontally stratified ionosphere. We analyzed a long-term MARSIS data set obtained
above unmagnetized regions and identified a linear relation between the echo range (mainly determined by
the spacecraft altitude) and range spread, suggesting that the echo angular extent represents the state of
perturbed reflection surfaces. The observed properties of diffuse echoes are consistent with total/specular
reflection from undulated iso-density surfaces with horizontal wavelengths of tens to hundreds of kilometers
and vertical amplitudes of a few percent of the horizontal wavelengths. The echo angular extent increases
significantly at high solar zenith angles and in the winter hemisphere, where lower atmospheric temperatures
are expected. Having explored possible drivers of ionospheric irregularities (neutral GWs, solar wind forcing,
and plasma instabilities), we conclude that the majority of the observed ionospheric irregularities are driven
by neutral GWs in the Martian thermosphere for the following reasons: (i) known association of ion density
variations (i.e., ionospheric irregularities) with neutral gravity waves at Mars, (ii) comparable horizontal wave-
lengths, (iii) large-amplitude gravity waves and large-amplitude ionospheric irregularities observed in similar
latitudes/seasons (i.e., cold locations), and (iv) broad geographic distributions of gravity waves and iono-
spheric irregularities. The solar wind forcing seems to play a limited role in generation of these ionospheric
irregularities. The global and long-term remote measurements of ionospheric irregularities by MARSIS can be
combined with in situ measurements by MAVEN in a complementary fashion for an improved understanding
of dynamics of the ionosphere and its coupling to the neutral atmosphere at Mars.
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