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Abstract We report the first observations of Spontaneous Hot Flow Anomalies (SHFAs) at Venus
and Mars, demonstrating their existence in the foreshocks of other planets beyond Earth. Using
data from the ESA Venus Express and the NASA Mars Atmosphere and Volatile EvolutioN (MAVEN)
spacecraft, we present magnetic and plasma observations from events at both planets, exhibiting
properties similar to “classical” Hot Flow Anomalies, with bounding shock-like compressive regions
and a hot and diffuse core. However, these explosive foreshock transients were observed without any
attendant interplanetary magnetic field discontinuity, consistent with SHFAs observed at Earth and our
hybrid simulations.

1. Introduction

Upstream from any celestial body lies a turbulent region in magnetic connection to the bow shock known as
the foreshock [Asbridge et al., 1968; Greenstadt et al., 1968] (also see Eastwood et al. [2005] for a review of Earth’s
foreshock). Exploration of Earth’s foreshock has revealed it to be home to a plethora of transient energetic
particle and wave phenomena. Despite lasting for only a few minutes, these foreshock transients are impor-
tant at the Earth because they can have dramatic global effects on the entire magnetosphere and even on the
ionosphere [Sibeck et al., 1998, 1999; Eastwood et al., 2008]. Foreshock transients are therefore a fundamental
mode of interaction between the solar wind and the Earth, and one suspects this to be true at other planets
in the solar system.

Perhaps, the best known type of foreshock transient is the Hot Flow Anomaly (HFA). HFAs are explosively
expanding bubbles of hot tenuous plasma which form when certain discontinuities in the interplanetary mag-
netic field (IMF) interact with a planetary bow shock [Thomsen et al., 1993; Schwartz, 1995; Schwartz et al.,
2000]. Solar wind particles, reflected from the bow shock, can be swept toward the interplanetary current
sheet where they become trapped and heated when the motional electric fields have the appropriate orien-
tation. The result is a hot core of strongly deflected plasma with bulk velocities much slower than those of the
solar wind, in which the magnetic field drops precipitously in magnitude and displays significant fluctuations
[Tjulin et al., 2008; Kovacs et al., 2014]. This hot core is bounded by strong compression regions with denser
and hotter plasma and enhanced magnetic field strengths. These events, which occur at Earth at a rate of
about one per day [Schwartz et al., 2000], have been studied extensively at Earth by missions such as Interball
[Vaisberg et al., 1999], Cluster [Facskó et al., 2009; Lucek et al., 2004], and Time History of Events and Macroscale
Interactions during Substorms (THEMIS) [Eastwood et al., 2008; Zhang et al., 2010]. HFAs are thought to be a uni-
versal phenomenon, having been observed at Mars [Øieroset et al., 2001; Collinson et al., 2015], Saturn [Masters
et al., 2008, 2009], Venus [Slavin et al., 2009; Collinson et al., 2012a, 2014], and Mercury [Uritsky et al., 2014].
In this paper, this type of foreshock transient which requires an IMF discontinuity for its formation shall be
referred to as a “classic” HFA, or simply an HFA.

Recently, a new class of explosive foreshock transient has been identified upstream of Earth in both THEMIS
observations by Zhang et al. [2013] and hybrid simulations by Omidi et al. [2013]. These phenomena bear all
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the known characteristics of a classic HFA, but curiously, are not associated with any IMF discontinuity, thought
to be so critical for classic HFA formation. Given their apparent proclivity for forming without any apparent
external impetus, the phenomena were termed “Spontaneous Hot Flow Anomalies” (or SHFA). Hybrid simu-
lations [Omidi et al., 2013] confirmed that whilst very similar in characteristics to classical HFAs, SHFAs form
in Earth’s foreshock through an entirely different mechanism (to be outlined shortly) without the need for
an IMF discontinuity, and thus whilst bearing a similar name and appearance, are in fact a wholly separate
phenomena.

To date, SHFAs have only been reported in Earth’s foreshock. Whilst the unmagnetized inner planets of
Mars and Venus are known to have foreshocks, relatively little is known about what energetic transient
phenomena may be encountered therein. In this paper, we present magnetic, electron, and ion measure-
ments of explosive Spontaneous Hot Flow Anomalies encountered at Mars by the NASA Mars Atmosphere
and Volatile EvolutioN (MAVEN) (2014 to present) and at Venus by the European Space Agency (ESA) Venus
Express (2006–2014).

This paper is arranged as follows. In section 2, we review the induced magnetospheres and foreshocks of Mars
and Venus, outline the formation mechanisms for SHFAs at Earth, and present a brief summary of prelimi-
nary results of new hybrid simulations predicting their formation at these planets through similar means (see
companion paper Omidi et al. [2017] for full details). In section 3 we present a case study of a Martian SHFA
observed on 7 January 2016 by MAVEN. In section 4 we present a case study of a Venusian SHFA observed on
18 October by the Venus Express. In section 5 we discuss the properties of the SHFAs and speculate what effects
an SHFA might have on the unmagnetized planets of Mars and Venus. Finally, in section 6 we summarize
our findings.

2. Assessment of SHFA Formation Conditions at Mars and Venus
2.1. The Induced Magnetospheres of Venus and Mars
Although Mars and Venus have no intrinsic global magnetic field [Smith et al., 1965a, 1965b], their conduc-
tive ionospheres create a barrier to the solar wind. Interplanetary magnetic field (IMF) lines frozen into the
solar wind flow collide with the planetary ionosphere and pile up on the dayside, resulting in the generation
of an induced magnetosphere. This induced magnetic field is an obstacle to the supersonic solar wind and
thus a supersonic bow shock is generated [Ness et al., 1974; Russell et al., 1979], just as with Earth’s magne-
tosphere. However, the resulting solar wind obstacles are considerably smaller than Earth’s. In order to cross
the terrestrial bow shock at its closest distance (at the subsolar point), one would have to travel to a dis-
tance of ≈15 Earth Radii [Fairfield, 1971] from Earth’s center (where 1RE = 6371 km), whereas Venus’ subsolar
bow shock lies at a distance of only ≈1.38 Venus Radii [Slavin et al., 1980] (1RV = 6052 km) from Venus’ cen-
ter, and Mars’ bow shock is even smaller in absolute dimensions, at ≈1.6 Martian Radii [Vignes et al., 2000]
(1 RM = 3390 km).

Despite the relatively diminutive size of the Venusian and Martian bow shocks both generate foreshocks,
although they are similarly miniature with respect to Earth’s, with Venus’ foreshock only extending 15 RV

upstream from the bow shock [Strangeway and Crawford, 1995]. Figure 1a shows a sketch of the expected
topology of the Martian and Venusian induced magnetospheres and foreshocks (based on a hybrid code
simulation to be described in brief shortly, and in detail in a companion paper [Omidi et al., 2016], and the
formation of an SHFA).

In this paper, we shall universally use the comparable planet-centric Venus Solar Orbital (VSO) and Mars Solar
Orbital (MSO) coordinate systems, where x points toward the Sun, y points back along the tangent to the
orbit of the planet around the Sun, and z completes the right-handed set, pointing upward out of the plane
of the ecliptic (in this way, VSO and MSO are the Venusian and Martian equivalents to the terrestrial “GSE”
coordinate system). For the purposes of the example sketch shown in Figure 1a, we have chosen to make
the interplanetary magnetic field “radial,” which is to say that it is dominated by the Bx component, lying
parallel to the Sun-Planet line. However, SHFAs are known to form under at all angles of the IMF at Earth [Omidi
et al., 2014].

2.2. SHFA Formation
The foreshock of any celestial body is pervaded by a field of ultra-low frequency (ULF) waves [Fairfield, 1969;
Scarf et al., 1970] (see Figure 1) which are thought to be driven by field-aligned ion beams reflected at the bow
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Figure 1. (a) Sketch of the foreshock of an unmagnetized planet (e.g., Mars and Venus) under radial IMF conditions
(oriented parallel to the Sun-Planet line, x axis). The bow shock is shown in red, with an attached SHFA. The foreshock
is shown in grey, a field of cresting compressional foreshock waves and troughs, forming “foreshock cavitons”
(marked with a “C”). (b) Hybrid simulation of the foreshock of an unmagnetized planet showing the same view denoted
in Figure 1a. The color denotes relative particle density with respect to the solar wind. Cavitons are again denoted
with a C.

shock [Tsurutani and Rodriguez, 1981; Hoppe and Russell, 1983] or produced locally [Hellinger and Mangeney,
1999; Mazelle et al., 2003; Meziane et al., 2004]. The waves attempt to propagate upstream but are convected
back toward the bow shock by the solar wind. As they convect deeper into the foreshock, they enter regions
of higher ion density. These ions alter the index of refraction for the medium causing transverse modes to
become compressive, and thus the waves can steepen [e.g., Collinson et al., 2012b; Wilson et al., 2009; Tsubouchi
and Lembège, 2004; Tsurutani et al., 1987, and references therein]. They become more oblique and compres-
sional the deeper they go.

One of the possible resulting foreshock phenomena is a “caviton” [Blanco-Cano et al., 2011]. Cavitons are local-
ized troughs in density and magnetic magnitude resulting from the field of compressive ULF foreshock waves
[Blanco-Cano et al., 2009; Kajdič et al., 2011, 2013]. They form continuously and regularly in the foreshock and
are swept back toward the bow shock along by the advection of the solar wind. Hybrid simulations by Omidi
et al. [2013] of Earth’s foreshock show that occasionally as a caviton approaches the bow shock, it undergoes a
rapid transformation into an SHFA as a result of interactions with the bow shock. The plasma within becomes
heated and even more diffuse, resulting in a signature identical to that of HFAs, but without the need for any
IMF discontinuity. The specific heating mechanism remains unknown but may result from ion trapping by the
cavitons and ion reflection between the bow shock and the cavitons [Omidi et al., 2013].
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2.3. Hybrid Simulation of SHFA Formation at Venus
In order to investigate the structure of the Cytherean foreshock, Omidi et al. [2017] have conducted 3-D global
hybrid (kinetic ions, fluid electrons) simulations of solar wind interaction with Venus. Figure 1b shows the
proton density from a run with radial IMF which illustrates the ion foreshock and the dayside bow shock and
magnetosheath. The results show that the interaction between the solar wind and the backstreaming ions in
the foreshock results in the excitation of parallel (to the magnetic field) and oblique ULF waves (on the fast
magnetosonic branch) whose nonlinear evolution result in the formation of the cavitons seen in Figure 1b. The
excited ULF waves and cavitons are carried toward the bow shock by the solar wind resulting in the formation
of SHFAs at the shock. The results observed here are similar to those seen in hybrid simulations of the Earth’s
bow shock with the size of the cavitons and SHFAs at the two planets being comparable (∼0.5 to 1 Earth Radii).
However, given the much smaller size of the Cytherean bow shock and magnetosheath, even a single SHFA
has a global impact on the system. Full details of our global hybrid simulations can be found in the companion
paper Omidi et al. [2017], and this brief description is included in this observational study purely to establish
that this phenomenon has been recently predicted to occur at unmagnetized planets.

3. A Spontaneous Hot Flow Anomaly at Mars

Figure 2 shows a map of orbit № 2472 (7 January 2016) of the MAVEN Mars Scout (red), with a typical modeled
bow shock and magnetic pileup boundary according to Vignes et al. [2000] (black). At 01:33 Greenwich Mean
Time (GMT) (gold star), MAVEN was on the flanks of the magnetosphere, slightly upstream of the bow shock,
when it encountered two events exhibiting all expected plasma properties of SHFAs or classic HFAs. However,
no associated magnetic discontinuity in the IMF was observed, consistent with these events being SHFAs.

Figure 3 shows multi-instrument observations from MAVEN on two time scales. Figures 3a–3d cover the
3 min period from 01:32:30 to 01:35:30 GMT so that the field and particle perturbations can be more easily
contrasted against background foreshock conditions. Figures 3e–3h show a 1 min close-up of the primary
candidate SHFA from 01:33:00 to 01:34:00 GMT. Figure 3 is organized thus: Panels a and e show a color-coded
timeline of the event. Periods when the MAVEN was in the foreshock are blue, the core of the SHFA in gold,
and the bounding compression regions in purple. Figures 3b and 3f show magnetometer data in MSO coor-
dinates. Each component is plotted separately with 𝜃n, the angle that the magnetic field vector makes with
the normal to the Vignes et al. [2000] Martian bow shock of Mars, plotted beneath. Finally, Figures 3c and 3g
show ion observations from the Solar Wind Ion Analyzer, with time/energy spectrogram on top, and ion
density, temperature, and velocity plotted beneath. Finally, Figures 3d and 3h show electron observations
from solar wind electron analyzer, with spectrogram on top, and corresponding density and temperature
plotted beneath.

We shall now describe these observations in two levels of detail: Firstly, a brief summary overview, and then
a more detailed description of the observations of each instrument.

3.1. Overview of MAVEN Observations
MAVEN encountered two candidate SHFA events within minutes of each other. Both have magnetic signa-
tures consisted with the SHFAs reported at Earth by Zhang et al. [2013]: spiked |B| in the compression regions
(i.e., the peaks), reduced |B| in the core (with respect to the background IMF), and neither event being associ-
ated with an IMF discontinuity. Whilst hotter and less dense plasmas (both ions and electrons) were observed
in the core regions of both events (consistent with SHFAs), they are more pronounced in the first event.
Similarly, whilst the expected increase in ion and electron densities were observed in both bounding com-
pression regions of the first event, they are not as well resolved in the second. Therefore, whilst the collected
magnetic and plasma observations for both events are consistent with SHFAs, the first event currently rep-
resents our best, primary candidate. We shall now describe the measurements made by each of these three
instruments in detail.

3.2. MAVEN Magnetometer
Figures 3b and 3f show MAVEN magnetometer observations at 32 samples per second. Plotted are the mag-
nitude (|B|), the three components vector (Bx, By, Bz), and the angle that the magnetic field makes with the
bow shock of Mars (𝜃n). Both the primary event at 01:33 GMT and the secondary event at∼01:35 exhibit all the
magnetic signatures of an SHFA: Firstly, both events were observed in the foreshock, the region where SHFAs
are known to form. Secondly, in the core of the events, there is a strong drop in (|B|)below ambient IMF values.

COLLINSON ET AL. SPONTANEOUS HOT FLOW ANOMALIES AT MARS AND VENUS 4
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Figure 2. Map of MAVEN orbit № 2472 in Mars Solar Orbital (MSO) coordinates showing the location of the SHFA in
Figure 3.

Thirdly, there are bounding |B|enhancements associated with the bounding compressive regions. These mag-
netic signatures are in most ways very similar to the classic Martian HFA reported recently by Collinson et al.
[2015], with one important distinction. Consistent with these events being SHFAs, no attendant IMF disconti-
nuity was observed, and the ambient magnetic field remained in the same average orientation after the event
as before it. Thus, we conclude that these HFA-like foreshock transients formed spontaneously in the Martian
foreshock without an interplanetary current sheet or discontinuity.

One potential inconsistency with this event being an SHFA is its being observed in the quasi-perpendicular
foreshock (𝜃n ≈ 90∘), whereas our simulations and current theory predict that SHFAs form in the quasi-parallel
foreshock (135∘ >𝜃n < 45∘). However, given that foreshock transients convect with the solar wind, it is possi-
ble that this event formed elsewhere (upstream of the spacecraft in the parallel region of the foreshock) and
was then blown over MAVEN. Thus, the fact that this SHFA candidate was observed in the quasi-perpendicular
foreshock is not an absolute barrier to it being an SHFA, it simply means that it is unlikely to have formed at
this location and may represent a more well-developed example. This hypothesis is strengthened by the fact
that this would not be the first foreshock transient to have been observed at a distance from where it formed:
such an evolutionary story (distant formation and then being blown over the spacecraft a few minutes after-
ward) would be identical to the classical Martian HFA reported by Collinson et al. [2015], which had formed on
the other side of the bow shock and had been advected over the whole Martian magnetosphere.

3.3. MAVEN Solar Wind Ion Analyzer (SWIA)
Figures 3c and 3g show data from the MAVEN Solar Wind Ion Analyzer (SWIA) [Halekas et al., 2013]. SWIA
has a 360∘ × 90∘ field of view and makes a full 3-D ion distribution once every 4 s. An ion spectrogram is
shown for both time intervals, with time on the x axis and energy on the y axis with the color denoting the
log10 of the counts per bin. The solar wind can be seen as a bright continuous red/orange line at ≈2 keV.
Beneath the spectrograms are plotted density, temperature, and velocity moments, calculated at 4 s reso-
lution. Consistent with SHFAs, the core of both events was characterized by a decrease in particle density
and an increase in ion temperature. However, the ion perturbations are far more pronounced in the primary
example (Figure 3g), with a 2 order of magnitude decrease in density. Whilst ion flow perturbations were
observed, they were very modest when compared to SHFAs at Earth [Zhang et al., 2013]. This is consistent
with the relatively anemic ion flow perturbation exhibited by the “classical” Martian HFA reported by Collinson
et al. [2015]. The event was so brief that SWIA was unable to return 3-D ion distributions to sufficiently resolve
two-component proton from alpha moments for this event. Thus, the temperature shown in Figure 3 is calcu-
lated from the Ty and Tz components which were not subject to alpha contamination and was calculated using
Teffective =

(
Ty + Tz

)
∕2.
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Figure 3. An SHFA observed in the Martian foreshock by MAVEN on 7 January 2016. (e–h) One minute of data to present a close-up of the event. (a–d) A longer
(3 min) interval of data so that the SHFA can be compared against background solar wind conditions and a possible second event occurring shortly thereafter.
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Table 1. MAVEN SWIA Solar Wind Plasma Moments Before and During the Core of the Martian SHFA

Time Interval Density Velocity (km/s) Temp. Pdynamic

Region (GMT) (cm−3) Vx Vy Vz |V | (eV) (pPa)

Foreshock 01:33:04 to 01:33:16 2.64 −652 92 −21 659 49 960

SHFA core 01:33:24 0.73 −641 84 −27 647 45 256

01:33:28 0.10 −723 9 17 723 304 8

Whilst the first event (the primary candidate shown in Figure 3g) exhibited all the canonical ion signatures of
an SHFA, the evidence from Solar Wind Electron Analyzer (SWEA) for the secondary candidate (occurring later
at ∼01:35) is less clear cut. Although a modest increase in ion density is observed with the first compression
region, none is observed for the second compression region, and the changes in ion density and tempera-
ture in the core are even more moderate. However, given the shorter duration of the second event, and its
compelling SHFA-like magnetic signature, it is still quite plausible that this event was an SHFA.

Table 1 shows average solar wind plasma moments from before the primary event, and the two measurements
made inside the core region of the SHFA. As with the Collinson et al. [2015] “classic” Martian HFA, although
the velocity perturbations were mild, the density decreased by an order of magnitude, driving a 2 order of
magnitude decrease in the solar wind dynamic pressure. We shall later discuss the potential impact of this on
the ionosphere and induced magnetosphere of Mars.

3.4. MAVEN Solar Wind Electron Analyzer (SWEA)
Figures 3d and 3h show electron spectrograms, plus initial estimates of density and temperature measured
by the Solar Wind Electron Analyzer (SWEA) [Mitchell et al., 2016]. SWEA has a 360∘ × 120∘ field of view and
during this period was operating in “solar wind” mode (see Table 4 of Mitchell et al. [2016] for a summary
of SWEA operational modes), whereby it returned plasma moments every 4 s. As with Collinson et al. [2015],
these moments are preliminary until the spacecraft potential from the MAVEN Langmuir Probe and Waves
(LPW) experiment can be utilized to remove spacecraft electrons. Consistent with an SHFA, in the compres-
sion regions of the primary SHFA candidate, SWEA observed increases in electron density comparable to that
observed by SWIA and a modest increase in electron temperature. In the core, electron temperature tripled
from 10 eV to 30 eV, and the density decreased by an order of magnitude. The decrease in density is not as
pronounced as in SWIA ion observations because of the contribution to the density of the aforementioned
spacecraft photoelectrons.

4. A Spontaneous Hot Flow Anomaly at Venus

Almost 4 years previously, and approximately 0.9 AU closer to the Sun, at approximately 02:26 GMT on 18
October 2012, the ESA Venus Express spacecraft was just upstream of the Venusian bow shock when it was
engulfed by an explosive foreshock transient with almost identical properties to those observed by MAVEN at
Mars, exhibiting all the properties expected of an SHFA. Figure 4 shows a map of orbit № 2372. The trajec-
tory of the Venus Express is shown in blue, and the location of the SHFA candidate is denoted by a gold star.
Figure 5 shows ion and electron observations by the Venus Express “Analyzer of Space Plasmas and EneRgetic
Atoms” (ASPERA) [Barabash et al., 2007] and Magnetometer (MAG) [Zhang et al., 2006]. Figures 5a–5d show a
10 min interval so that the perturbations associated with the SHFA candidate may be better compared with
background solar wind conditions, and Figures 5e–5h show a close-up of currently our best candidate for a
Venusian SHFA.

As with the Martian SHFA candidate, we shall again first give a brief overview and then a more detailed
description of these observations.

4.1. Overview of Venus Express Observations
The magnetometer aboard Venus Express is comparable in performance to that aboard MAVEN, and thus the
magnetic signature of the Venusian SHFA candidate is well resolved and very similar to the Martian candidates
shown in Figure 3, and again is comparable to SHFAs observed at Earth [Zhang et al., 2013]. The associated
plasma perturbations are not as resolved due to the limited temporal resolution of the ASPERA Ion Mass
Analyzer (IMA) and several orders of magnitude lower sensitivity of the electron spectrometer [Collinson et al.,
2009]. However, consistent with past observations of classic HFAs at Venus and what would be expected for
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Figure 4. Map of Venus Express orbit № 2372 in Venus Solar Orbital (VSO) coordinates showing the location of the SHFA
in Figure 5.

an SHFA: (1) IMA observes evidence for a protonic disturbance with ions coming from unexpected directions,
consistent with a flow deflection or heating, although the strongest disturbances occurred just prior to the
magnetic and electron signatures; and (2) Electron Spectrometer (ELS) observes a decrease in electron den-
sity in the core of the event and density enhancements in the bounding compression regions. We shall now
describe these observations in detail.

4.2. Venus Express Magnetometer
Figures 5b and 5f show observations made at 32 Hz resolution by the Venus Express Magnetometer (MAG).
The event itself took only ∼30 s to pass the spacecraft and left a magnetic signature with all the main features
of a Hot Flow Anomaly. However, as with the Martian event, the IMF has the same orientation before and after,
there is no evidence for the presence of a solar wind tangential discontinuity required for the formation of a
classic HFA, and thus this event is consistent with an SHFA.

Within the core of the event, the total magnetic field strength (|B|) drops with respect to the background IMF,
which is exactly what would be expected for an SHFA. This core is bounded by two regions where the magnetic
field is slightly stronger than in the surrounding solar wind, which as with the events at Mars, we attribute to
weakly shocked plasma that is being compressed as the SHFA rapidly expands into the surrounding solar wind.
Of the two compressional regions, the later has a stronger spike in |B|. Given that SHFAs convect with the solar
wind, this stronger compressional spike is on the upstream side of the event. As with previous observations
of classic HFAs at Venus by Collinson et al. [2012a], this is as one would expect with an SHFA with a stronger
compression on the side that is expanding against the flow of the supersonic solar wind.

The lower panels of Figures 5b and 5f show plots of the angle that the magnetic field vector makes with the
bow shock of Venus (𝜃n). Consistent with an SHFA, the event was in the quasi-parallel foreshock, and there is
no significant change after the event which might indicate the presence of an IMF discontinuity.

4.3. Venus Express ASPERA Ion Mass Analyzer (IMA)
Figures 5c and 5g show data from the ASPERA Ion Mass Analyzer (IMA). ASPERA-IMA scanned through a 360∘±
45∘ field of view in 192 seconds using 16 steps of its electrostatic deflector plates. Thus, unlike the continuous
MAVEN SWIA spectrograms shown in Figures 3c and 3g (each time interval representing a full 2𝜋 distribution),
the ASPERA-IMA spectrograms in Figures 5c and 5g show the counts at each deflector plate setting, with the
deflection (elevation) angle plotted below.

The period covered by Figure 5c was sufficient for approximately three scans of the sky by IMA. Four ion
populations were observed. Three of the populations occurred regularly in every deflector plate scan and are
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Figure 5. An SHFA encountered in the Venusian foreshock on 18 October 2012 by the ESA Venus Express whilst just upstream of the bow shock. (e–h) A 1 min
interval of data to provide a close-up of the event (from 02:25:30 to 02:26:30 Greenwich Mean Time). (a–d) A longer 10 min interval of data (from 02:20:00 to
02:30:00 Greenwich Mean Time) so that the event can be compared against the background conditions in the solar wind.
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labeled in maroon in Figure 5c. These three populations are (1) an anti-sunward beam of solar wind protons
(S.W. H+), (2) a more energetic anti-sunward beam of solar wind alpha particles (S.W. 𝛼), and (3) a foreshock
population of solar wind protons (F.S. H+) backscattered by the Venusian bow shock.

In addition to these regular, repeating ion populations, an additional anomalous proton population was
observed just prior to and during the SHFA candidate (labeled “anomaly” in red in Figure 5c). As with the pre-
vious studies of classic HFAs at Venus such as Collinson et al. [2012a, 2014], the 192 s cadence of IMA means
that we cannot resolve these protonic perturbations. However, as with Collinson et al. [2012a, 2014], the fact
that energetic (∼ 1 keV) protons are observed coming from an unexpected direction is consistent with an
ion flow or temperature anomaly, as one would expect with an SHFA. It is very interesting to note that unlike
“classic” HFAs at Venus, much of the anomalous population of protons were observed just prior to the SHFA
and were observed coming from the direction of the planet (i.e., the bow shock). Since our simulations show
that as at Earth, SHFAs form through interaction between foreshock cavitons and the bow shock, we specu-
late that these anomalous protons prior to the event may be a result of solar wind protons bouncing back and
forth between the bow shock and a foreshock caviton, resulting in its transformation into an SHFA that was
then blown over the Venus Express by the solar wind. Such an interpretation would be consistent with one of
the formation mechanisms of terrestrial SHFAs suggested by Omidi et al. [2013]. However, since IMA cannot
resolve the perturbed ion perturbations, all that can be said with certainty is that consistent with an SHFA, the
local ion environment was perturbed.

4.4. Venus Express ASPERA Electron Spectrometer (ELS)
Figures 5d and 5h show data from the ASPERA-4 Electron Spectrometer (ELS). On top are time-energy spec-
trogram where the color of the plot denotes the log10 of the electron differential energy flux (m−2 sr−1 s−1),
with electron density labeled below.

ASPERA-ELS suffers from two major limitations when compared to MAVEN-SWEA. Firstly, ASPERA-ELS had a
very limited 2-D field of view (as opposed to the 2𝜋 f.o.v. of MAVEN-SWEA), and thus this density should be
considered a “pseudo” plasma moment calculated assuming isotropy. Thus, while it may be examined for
evidence of qualitative changes in relative density, in this instance it should not be relied upon as an absolute
quantitate measurement of the absolute number density at Venus. The second limitation of ASPERA-ELS is
that its sensitivity is an order of magnitude lower than designed due to manufacturing defects [Collinson et al.,
2009], and several orders of magnitude lower than MAVEN-SWEA, and thus during brief transient low density
environments such as the core of an SHFA or HFA, there are typically insufficient counting statistics to generate
higher-order moments such as temperature.

However, whilst ASPERA-ELS is more limited in its capabilities than MAVEN-SWEA, all of its observations during
the event are consistent with what would be expected during an SHFA. They are also identical (in both nature
and quality) to those which established the presence of classic HFAs at Venus [Collinson et al., 2012a]. In the
core of the SHFA candidate, where the magnetic field strength is very low (|B| ≈ 0), there is a clear decrease
in electron flux, indicative of a sudden drop in electron density, velocity, or both. This is consistent with obser-
vations within the core regions of SHFAs at Earth where the velocity of the plasma has been observed to drop
dramatically, and density falls below solar wind values. In this instance, the pseudo-density calculated assum-
ing isotropy suggests that this reduction in flux is at least in part due to decrease in density, consistent with
the core of an SHFA.

In the compression regions where the magnetic field peaks, ELS records a jump in electron flux over a wide
range of energies, and the pseudo-density suggests a fivefold increase in the density of solar wind electrons.
This is consistent with our interpretation of this region as a region of dense plasma strongly compressed by
the rapid expansion of the SHFA. Curiously, in addition to the spikes in electron density associated with mag-
netic field enhancements, another electron flux and density enhancement is observed just prior to the first
(downstream) compression region.

5. Discussion

In this paper we presented two case studies of candidate Spontaneous Hot Flow Anomalies (SHFA), one at
Mars and the other at Venus. Both exhibited similar magnetic and plasma properties to those observed at
Earth, although the solar wind velocity perturbations observed by MAVEN at Mars were very much weaker
than those reported at Earth by Zhang et al. [2013]. Since similarly weak flow perturbations were reported in
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Table 2. Calculation of Solar Wind Proton Gyroradius for Each Event

Velocity (km/s) IMF (nT) V|| V⟂ H+ gyroradius SHFA Size

Planet Vx Vy Vz |V | Bx By Bz |B| |B̂|.|V̂SW| (km/s) (km) (km)

Mars −623 13 −61 627 −3.13 1.83 −0.90 3.74 0.85 531 333 ≈ 928 ≈ 7300

Venus −302 −58 −159 347 3.79 3.79 −1.07 2.24 4.67 318 138 ≈ 308 ≈ 5900

a classical HFA at Mars [Collinson et al., 2015], one important topic for future statistical studies of foreshock
transients at Mars is whether this is typical, and if so would be a key difference between those observed at
Earth’s much larger foreshock.

Despite occurring at different planets, the Martian and Venusian SHFAs are very similar in many key respects.
Firstly, their durations: Measuring from the peak in |B| in the first compression region to the peak in |B| sec-
ond compression region, the Martian SHFA lasted approximately 11 s (01:33:19 to 01:33:30 GMT), whereas the
Venusian SHFA lasted ≈17 s (02:25:57 to 02:26:14 GMT). With only a single spacecraft it is not possible to mea-
sure the expansion rate of these events; however, assuming that they are quasi-static (unlikely to be the case,
but the best that can be done), we may attain a very rough first-order estimate of their scale by also assuming
that they are convecting at exactly the solar wind speed (VSW). As shown in Table 2, this approach suggests
that the Martian SHFA was approximately 7300 km across. At Venus, while the 192 s temporal resolution of
ASPERA-IMA is insufficient to resolve the ionic perturbations associated with the SHFA, it is more than capable
of measuring the bulk solar wind velocity in which the SHFA is embedded, and we estimate a size of approxi-
mately 5900 km. These dimensions may be anecdotally compared to the ≈13, 000 km SHFA reported at Earth
by Zhang et al. [2013] (30 s duration, propagation speed of 420 km/s). While not a statistical comparison, it is
known that “classical” HFAs scale with the size of the magnetosphere [Collinson et al., 2014, 2015], and thus
it is plausible that SHFAs may be generally smaller at Mars and Venus than at Earth due to the smaller size of
solar wind obstacle.

Next we estimated how large these events were with respect to the local proton gyroradius, rg, according to
equation (1).

rg =
mv⟂|q||B| (1)

where m and q are the mass and charge of a proton, and v⟂ is the component of the solar wind velocity
perpendicular to the magnetic field B. In order to determine v⟂, we first determined the component of the
solar wind velocity parallel to the magnetic field (v∥) by multiplying the magnitude of the solar wind velocity
(|VSW|) with the dot product of unit vectors of velocity (|V̂SW|) and magnetic field (|B̂|), as in equation (2).

v∥ = |VSW|(|B̂|.|V̂SW|) (2)

The perpendicular component of the solar wind V⟂ may then be determined simply via V⟂ =
√

V2
SW − V2||,

which may be put back into equation (1) to calculate the convected proton gyroradius. Note that this is dis-
tinctly different (and much larger) from the thermal proton gyroradius. When the resulting convected proton
gyroradii were calculated, the Martian SHFA was found to be approximately 7.9 times larger than the local
proton gyroradius (≈928 km), whereas the Venusian SHFA was approximately 19.1 times larger than the local
proton gyroradius (≈308 km). Thus, the Martian SHFA was larger in a physical sense, but smaller than the Venu-
sian example in terms of the natural “yard stick” of proton gyroradius. This may be a result of the Venusian
example forming at a larger solar wind obstacle, or possibly being a more well-developed example.

As with “classic” Hot Flow Anomalies at Mars and Venus, these events are very large when compared to the
size of the system. The Martian SHFA was approximately 2.3 Martian Radii across (RM = 3390 km), and the
Venusian SHFA was approximately 1 Venus Radii across (RV = 6052 km), consistent with our recent hybrid
simulations [Omidi et al., 2016]. Unlike at Earth where the interaction between SHFAs and the planet is medi-
ated by the magnetosphere, these unmagnetized planets have no such magnetic shield, and as with classic
HFAs, these events have the potential to impart energy directly into the ionosphere. The SHFA forms a bubble
on the outside of the bow shock of the planet, deflecting solar wind flow and creating a vacuum which the
ionopause may expand upward into. Following Collinson et al. [2015], for a first-order approximation as to how
far the location of the Martian ionopause (Ri) might shift from its nominal radial distance (Rr) as a response
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to the observed pressure pulse at Mars, we assume a simple static Newtonian pressure balance as below in
equation (3).

(Ri − Rr) = −H ln

(
Pi

Pr

)
(3)

If we assume that, as with Collinson et al. [2015] Martian HFA, the change in pressure is dominated by the
dynamic pressure of the solar wind, then this highly simplistic model suggests this SHFA increased the scale
height of Martian topside ionosphere (H ≈ 40 km [Withers, 2009]) by ∼200 km. Work is currently underway
to implement an ionosphere into our hybrid models which will enable a better insight into the effects of
foreshock transients on the ionospheres of unmagnetized planets.

At Earth, SHFAs are an inherent part of shock dissipation process with significant impacts on the magne-
tosheath and magnetopause [Omidi et al., 2014, 2016; Gutynska et al., 2015]. Omidi et al. [2017] found that at
Venus the pressure variations associated with cavities and SHFAs in the Venusian magnetosheath result in
a continuous sunward and anti-sunward magnetopause motion. This result is consistent with previous sug-
gestions that SHFAs may be responsible for the generation of ion cyclotron waves and precipitation of ring
current protons in the outer magnetosphere. For full details of our hybrid models and their results, see the
companion paper, Omidi et al. [2017].

6. Summary

In this paper we presented case studies of explosive compressional foreshock transients at Mars and Venus, in
both cases exhibiting magnetic and plasma perturbations entirely consistent with our current understandings
of SHFAs observed at Earth, and as predicted by our hybrid simulation:

1. At both planets, comparable magnetic signatures were observed consistent with SHFAs; low |B| in the core
of the event; spiked |B| in the bounding compressional regions; and no change in the direction of the
interplanetary magnetic field after the event (i.e., no IMF tangential discontinuity as for a classic HFA).

2. At both planets, electron density depletions were observed in the core, and electron density enhancements
in the bounding shock-like compressional regions resulting from the SHFA’s explosive expansion against
the solar wind.

3. At Mars, enhancements in ion and electron temperature could be observed, together with a mild pertur-
bation in the solar wind velocity. At Venus, whilst these signatures are also expected, and are possibly
suggested by perturbations observed in ion and electron spectrograms, they cannot be resolved due to
instrumental limitations.

Thus, at Mars, MAVEN recorded a comprehensive set of all the expected magnetic, electron, and ion perturba-
tions, and we therefore conclude it to be the Martian equivalent of a Spontaneous Hot Flow Anomaly. Mere
minutes later, a second candidate event was encountered by MAVEN. Whilst the plasma perturbations in this
second event are not as clear cut and canonical as in our primary candidate, nonetheless the overall nature
of the event (as shown in both its magnetic signature and SWIA/SWEA spectrograms) is quite consistent with
that of the primary candidate, and thus we conclude that it is highly plausible that this secondary event was
also an SHFA.

Whilst at Venus the set of observations is less complete than at Mars due to instrumentational limitations,
all are consistent with the presence of an SHFA. Thus, although we cannot fully resolve all the associated
plasma perturbations as well as with MAVEN due to the paucity of data, when combined with a compelling
well-resolved SHFA-like magnetic signature and the fact that SHFAs are predicted at Venus by our hybrid sim-
ulations (Figure 1), we conclude that the most plausible explanation for these collected observations is that
Venus Express encountered a Spontaneous Hot Flow Anomaly.

To summarize, all three of these events are practically identical to the “classic” HFAs previously reported at
Mars [Øieroset et al., 2001; Collinson et al., 2015] and Venus [Slavin et al., 2009; Collinson et al., 2012a, 2014], but
with the crucial distinction that there is no evidence for the presence of an IMF discontinuity. Given that the
distinction between HFA and SHFA is entirely due to the presence or absence of such an associated IMF discon-
tinuity, by definition, these HFA-like events must be classified as SHFAs. This conclusion is further supported
by our hybrid simulations [Omidi et al., 2017] which predict that SHFAs can form in the foreshocks of unmag-
netized planets through the same mechanism as at Earth (i.e., the interaction of foreshock cavitons with the
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bow shock), and our observations at Mars and Venus are consistent with that predicted by this simulation.
Through first-order estimation of the size of the events with respect to the local proton gyroradius, we find
that the Venusian SHFA was effectively larger than the Martian event (≈19 gyroradii versus ≈7). This may be a
result of forming at a larger solar wind obstacle or may represent a more well developed example of an SHFA.

We thus conclude that Spontaneous Hot Flow Anomalies form even in the relatively small foreshocks of the
unmagnetized planets of Venus and Mars, and their presence at these tiny magnetospheres is suggestive that
they may be a fundamental and universal phenomena, occurring upstream of any planetary or celestial bow
shock. Our simulations show that they form in a similar manner as at Earth, through the rapid evolution of a
foreshock caviton into an SHFA. The establishment of the presence of SHFAs at Mars and Venus raises several
scientific questions for future investigations: How common are they? Do they form under all IMF angles and
conditions? What is the impact on the planet? Spontaneous Hot Flow Anomalies are known to drive global
magnetospheric perturbations at Earth, and we postulate that as with “classical” HFAs, they have the potential
to directly impact the topside ionospheres at Mars and Venus, a topic which we intend to pursue in the future.
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