
4 Results
A spread of time offsets between the arrival of the minimum pressure signal and maximum seismic signal
was observed within the range ∆t0 = 0.3 - 2.2s (see Table 1). It could be that one of the detectors’
clocks is running progressively faster or slower with respect to the other. However, there seems to be no
correlation between time offset and Sol number (see Figure 4(f)): the time offset appears to not increase
nor decay over time, but does seem to randomly vary with respect to time.

The migration direction of the events studied mostly lie near 𝜋 rad clockwise from the North (see
Figure 4(c)), such that they mostly travel towards the South.

Miss-distance is found to correlate with time offset. No other property of the dust devil – namely
diameter, migration speed, migration direction and core pressure drop – appears to correlate with time
offset for the 14 events studied. The goodness of linear fit values are R2 = 0.06 (diameter), 0.16
(migration direction), 0.05 (migration speed) and 0.00 (core pressure drop). The predicted miss-distances
ranged from 3.8 - 18.8m. Miss-distance is found to correlate with time offset linearly with a goodness of
fit R2 = 0.73 (see Figure 4(a)), possibly suggesting the time offset observed is the result of the different
travel speeds of the pressure (csound) and seismic (vseismic) signals. Using speed = distance/time gives
Equation 5.

(5)

The value of the gradient of Figure 4(a), and the speed of sound is substituted into Equation (5). The
speed of sound is predicted using the atmospheric temperature data from SEIS and:

(6)

[8] (where γ is the ratio of specific heat capacities, R* is the universal gas constant, T is the local
atmospheric temperature, and M is the mean molecular weight of the atmosphere, which is roughly 44
gmol-1). This gives a negative value of seismic signal travel speed, 𝑣!"#!$#%, suggesting the time offset
observed is not due to the difference in signal speeds alone.

1 Method
A selection of Sols were chosen at random from the continuous science monitoring phase of the InSight
mission. A selection of dust devil events that occurred on each Sol were picked out, with the aid of a
dust devil event list generated by A. Spiga [1], of the atmospheric pressure data to obtain a range of
vortex intensities. 14 events were studied in the range Sol 191 to Sol 265. The events covered a large
range in pressure drop: 0.5 – 6.3 Pa, and predicted diameter size 1 – 31 m. It was found that time offset
correlates with miss-distance, but does not correlate with any other parameter associated with the dust
devil, 1-6 in Table 2. Section 1.1 describes how time offset was calculated and Section 1.2 describes how
the physical dust devil parameters were obtained.

1.1 Estimating Time Offset
We fitted the Lorentzian model, using Equation 2, to the measured atmospheric pressure drop of each
event. The top of Figure 1 shows this fit to atmospheric pressure data recorded for an event on Sol 231.
A Gaussian line-shape was fit to the vertical ground displacement measured by the SP and VBB
seismometers. This is an empirical fit to provide an estimate of the position of the maximum
displacement. The SP and VBB arrival times are consistent to within 15%. A better degree of correlation
would not be expected because an approximately greater error occurs in fitting the Gaussian. The
difference between the arrival time of the pressure and seismic signals was calculated for each event:

(1)

The time offset for the Sol 231 event is made clear in Figure 1, where dashed lines mark the arrival times
of the pressure and seismic signals. The time offset is around 1 second. An offset of this order is observed
in all 14 events studied.

1.2 Estimating Dust Devil Properties
We fit the seismometer horizontal (North and East) acceleration model, described by simultaneous
Equations 3 and 4, to the 14 dust devil events. The fit to the Sol 231 event is shown in Figure 3. The
solutions are predictions of vortex parameters, namely miss-distance, core pressure drop, migration speed
and direction, and diameter. The model is under-constrained so bounds were applied to constrain the fit:

3 Modelling Dust Devils
Sorrells et al. [5] shows a correlation between the seismic and pressure field of a convective vortex. The
vortex exerts a negative load onto the planetary surface, generating a small, but detectable, vertical
ground displacement and horizontal ground tilt signals.

3.1 Pressure Field Response 
Ellehoj et al. [6] proposes the pressure drop follows a Lorentzian line-shape in near-field: 

(2)

with dimensionless radius r = 2d/D, where d is the distance from the detector to the vortex centre and D
is the diameter of the vortex, defined by the vortex wall. Signals detected are generated by vortices of
order 10 metres from the lander at closest approach, so this near-field model is adequate. Using the
geometry of the problem [3], shown in Figure 2, and the assumption that in a simplified model, the
migration velocity of the dust devil is approximated to be equal to the ambient wind velocity [7], it can
be shown that the pressure field of a dust devil follows a Lorentzian line-shape with respect to time also.

3.2 Seismic Response
The horizontal tilt in the direction of, and orthogonal to, the vortex’s migration direction (y and x
respectively, defined in Figure 2) is derived from the point load [7]. This description can be generalised to
give the North and East ground tilt generated by a dust devil moving in any direction 𝜙 clockwise from
the North. Multiplying the tilt by the acceleration due to gravity on Mars gives a pair of simultaneous
equations describing the ground acceleration:

(3)

(4)

Where g is the acceleration due to Martian gravity, v is the vortex migration velocity, t’ is the time with 
respect to the event time, 𝜙 is the vortex migration direction, r0 is the miss-distance, and 
This ground acceleration is measured by the InSight seismometers (SEIS). This pair of equations is 
therefore used to model the data from SEIS. 
HiRISE images of the InSight landing site (see Figure 2) show straight dust devil tracks, so we assume a
vortex travels in a straight line (i.e. the x, y directions are constant for all time for a given event).
Although the presence of a few pressure-drop doublets – where a characteristic vortex pressure drop is
followed by another of similar magnitude around 2 seconds later – suggest some Martian vortices follow
colloidal paths, since the two pressure drops are likely to correspond to the same dust devil.

Abstract
Sharp drops, of width around 2 seconds, in atmospheric pressure are associated with travelling vortices,
which, if sufficiently strong, loft Martian particles forming 'dust devils’. The vortex, whether dust-carrying
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signatures in the data and look at the difference in arrival times of the seismic (SP and VBB) and
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2 Data processing
ObsPy [4] was utilised to correct the data sets for instrument response using the latest transfer functions
provided by the InSight team. Pressure and seismic data sets were band-pass filtered with cut-off
frequencies (0.0125, 1)Hz and (0.03, 0.3)Hz respectively to remove unwanted low frequency and high
frequency noise

Conclusion and Future Work
Significantly more events should be investigated to check the trends shown in Figure 4. However, the
initial results from the 14 events studied show an apparent linear relationship between vortex miss-
distance and arrival time offset of the atmospheric pressure and seismic signals at the detector. We
suggest this is due to the difference in signal velocities but have shown this is most likely not the case.
Other explanations for the time offset will be considered in future work. The apparent correlation
between time offset and miss-distance found in this work, as well as the lack of correlation between it
and other parameters – namely sol, vortex diameter, vortex migration speed, and vortex core pressure
drop – may help determine the physical cause.
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Figure 2: HiRISE image of the InSight lander. The
lander is at the centre of the image. Faint black lines
are dust devil tracks. One track is traced with a white
dashed line for clarity. r0 is miss-distance, d is distance
to the dust devil from the detector, and v is migration
velocity. Set-up of geometry has been taken from
Lorenz [3]. y (x) is parallel (perpendicular) to the
migration direction of the dust devil. Image credit:
NASA/JPL/University of Arizona. ESP_061684_1845.

Figure 3: Model fit to the North and East horizontal ground acceleration (tilt)
due to the same vortex event as in figure 1. Accelerations detected by the
VBB seismometer. The positive East acceleration implies a tilt to the West.
The tilt is directed away from the vortex. thus the vortex passes to the East of
the lander only. This implies a migration direction of 194° with respect to the
North. The predicted direction of the vortex is shown by the arrow, where the
grey square is the lander (top left).

,

Table 1: Limits applied when
solving Equations 3 and 4. Bounds
2-4 are those used by Murdoch et
al. [2]. Bound 5 has been inferred
from the typical wind speeds.
Bound 6 is by the definition of an
angle. U is the ambient wind speed
measured by APSS.

Figure 1 (left): The pressure
drop of a vortex event on Sol
231 and the corresponding
vertical ground displacement,
detected by the SP. A
Lorentzian model (Equation
2) is fit to the pressure data.
A Gaussian is fitted to the
displacement as an empirical
model to find the position of
the maximum. The red and
orange dashed lines mark the
positions of the pressure
minimum and the
displacement maximum,
respectively. The models
described by Equations 2, and
3 and 4 predict zero time
offset.
Table 1 (right): Arrival time
offsets between the pressure
and seismic signals (average
found from SP and VBB).

Figure 4: The estimated offset in arrival times of the pressure and seismic signal generated by 14 dust devils plotted against some 
predicted dust devil properties.
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