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Introduction: Convective vortices ranging from
small to large-scales are common features of planetary
atmospheres. On Mars they play an important role on
dust lifting and transport. Some of these vortices such
as tornadoes and hurricanes are among the most dam-
aging natural phenomena on Earth. Most of this dam-
age is a consequence of strong jets along their spiral
bands and eyewall. A recently proposed general theory
for convective vortices predicts that pressure drops
along these jets force a secondary circulation that pro-
duces the observed spiral bands [1]. This theory also
sheds light on other basic features of convective vor-
tices such as the formation of their eyewall and spiral
bands. Here we show that an instrument capable of
measuring the static and stagnation pressures, the wind
vector, and the electric field vector proved the pro-
posed theory, and in particular a generalization of Ber-
noulli’s equation derived from it. This is important
because this general theory for convective vortices
sheds light on the physics of dust devils, waterspouts,
tornadoes, and hurricanes, on Earth and beyond [1].

Theory: The maximum bulk intensity of convec-
tive vortices can be calculated assuming that they
reach steady state [2]. In this case, the energy equation
for a parcel of air follows from the dot product of the
velocity vector with the equation of motion

d(%v2+ng+adp=—f-di ()

where v is the magnitude of the vector velocity, g the
gravity acceleration, z the height above a reference

level, a the specific volume, p the static pressure, ]7

the frictional force per unit mass, and d/ an incre-
mental distance along the air parcel trajectory. Renno
[1] showed that it follows from Eq. (1), the first law of
thermodynamics, and a few minor approximations
that

_(1—yn)i—p+yn[(cpAT+lqu)+VVhf'r”}+A¢+A7vz= 0

s

)
where ¥ is the fraction of the mechanical dissipation of
energy occurring at the heat input branch of the circu-
lation, n the thermodynamic efficiency,

(CpAT + lqu) the change in enthalpy, W;‘f the irre-

versible work of expansion, A¢ the change in potential

2
energy, and A the change in kinetic energy, between
2

the vortex radius of influence at point a, and a point b
in the updraft [1]. Eq. (2) is a generalization of Ber-
noulli’s equation to convective circulations. It provides
insights into the physical processes causing pressure
changes along the trajectory of convecting air parcels.
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Fig. 1a. Temperature and windspeed measurements
on a large dust devil in Nevada.

Eq. (2) predicts a decrease in static pressure (first
term) with increases in kinetic energy (last term). This
implies an anti-correlation between static and stagna-
tion pressures (or windspeed). We postulate that this
has not been observed before because usually the pres-
sure is not properly measured. This occurs because
pressure intakes are usually not properly aligned with
the flow. The main goal of our field measurements
was to test Eq. (2) by making careful measurements of
the static and stagnation pressures. In addition, the
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temperature, wind and electric field vectors were
measured to give insights on the physics of dust devils.

Measurements: It follows from Eq. (2) that tem-
perature perturbations of ~4.5 K such as that indicated
in Fig. la, causes maximum pressure perturbations of
~1.1 Pa for dust devils with 17 ~ 0.05 or about 5 km
deep [1]. This is consistent with our observations and
measurements in large dust devils.
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Fig. 1b. Static pressure (red), stagnation pressure
(blue), and electric field values on the dust devil of
Fig. la. The abrupt increase in the electric field indi-
cates the passage of the dust wall. The electric field
peaks in a dusty spiral band. As predicted by Eq. (1),
there is an anti-correlation between static and stagna-
tion pressures in this region, around 24 s. Fig. la also
indicates that the vertical component of the velocity
peaks in this region, a consequence of the secondary
circulation forced by the drop in static pressure.

Discussion: What concentrates dust and clouds
into a ring (the eye wall) around the center of convec-
tive vortices such as dust devils and tornadoes? What
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causes the formation of spiral bands? Eq. (2) indicates
that increases in the kinetic energy along jets of air
flowing into the vortex causes a decrease in static pres-
sure. This, in turn, can cause adiabatic cooling and
condensation, and forces a secondary circulation that
focuses dust and cloud particles in the region of maxi-
mum wind. Near the surface, the convergence cuased
by this secondary circulation forces updrafts that might
trigger convection and lift debris such as dust particles.

Fig. 2. Image of a tornado showing the funnel
cloud and a well-defined spiral band. Eq. (2) predicts
that decreses in static pressure in regions of maximum
wind form hollow vortices and spiral bands on dust
devil, waterspouts, tornadoes and hurricanes [1].
Credit: Copyright by Edi Ann Otto.

Conclusions: Our measurements proved a general
theory for convective vortices [1] and the suggestion
that it explains the formation of hollow vortices and
spiral bands on Earth, Mars and beyond. In order to
properly study these systems, the static and stagnation
pressures must be measured more carefully that previ-
ously done.
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