
Chapter 7

An unsteady analytical model for the

complete lifecycle of dust devils from

genesis to decay

A dust devil is a tiny, rotating column of air that forms over hot, dry surfaces

and is identified by a visible swirl of dirt, dust, and debris that has been lifted from the

ground. They may ascend from a few feet to several hundred feet, and last a few minutes,

but can sometimes last longer. Dust devils are commonly observed in desert areas on

Earth and have also been reported onMars Fernández (1997); Greeley et al. (2003); Fisher

et al. (2005); Balme and Greeley (2006a); Reiss et al. (2014). Dust devil studies reveal

their formation, evolution, and environmental impact, while modelling attempts aim to

replicate the processes underlying their initiation, growth, and ultimate weakening.

The contents of this chapter have been communicated in Journal of Fluid Mechanics for the publica-
tion.
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Early field measurements by Sinclair (1966) in Arizona measured the key phys-

ical characteristics such as diameter, height, wind speeds (up to 20–25 m/s), and temper-

ature anomalies—linking dust devil formation to solar heating and convective instability.

Subsequent studies expanded this empirical foundation. Farrell et al. (2003c) gave an

electrodynamic model, illustrates the particle collisions within the vortex generate charge

separation and strong electric fields, producing a dipole-like structure consistent with ob-

servations. Bluestein et al. (2004) incorporated Doppler radar to measure wind velocities

(up to 25–30 m/s) in Texas, correlating dust devil intensity, size, and lifespan with surface

heating and wind shear.

Developments in experimental and numerical methods have improved our com-

prehension even more. Kanak (2005) examined the initiation and evolution of dust devils

under idealised conditions using high-resolution simulations, emphasising the crucial roles

of boundary layer characteristics, wind shear, and surface heating. The impact of surface

roughness was investigated in laboratory experiments by Neakrase and Greeley (2010).

They focused on the ideal roughness (λ ≈ 0.01–0.1) that increases sediment lifting by

lowering threshold velocities for fine particles (< 100µm), while excessive roughness

(λ ≈ 0.11–0.23) dissipates energy and decreases tangential velocities. Horton et al. (2016)

combined modelling, simulations, and experiments, emphasising the role of vorticity and

thermal convection in particle entrainment and vortex formation.

Despite these developments, inviscid, time-independent models have been used

in many atmospheric vortex studies to describe steady-state dynamics. Although these

methods offer important insights into the structure of vortices, they are unable to cap-

ture the dust devils’ fleeting lifecycle. A steady-state parametric wind profile, devel-

oped by Wood and White (2011) gave a steady-state parametric wind profile that predicts

velocity decay without taking viscosity or temporal evolution into consideration. Simi-

larly, hurricane-like vortices with a stable, inviscid core-annulus structure are modelled
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by Nolan et al. (2001). Exact solutions for annular vortex flows under time-independent

assumptions were derived by Pandey and Maurya (2018b). Other models, such as those

by Sohn (2020) and Baker and Sterling (2017), employed potential flow frameworks and

steady inviscid base flows. An analytical model for tornado-like vortices based on force

balance under the assumption of a steady-state structure was presented by Zhang et al.

(2023). These models are useful for characterising equilibrium states, but they fail to ac-

count for the quick formation, maturation, and decay of natural dust devils, where temporal

dynamics and viscous dissipation play a critical role.

Attempts to address the time evolution of dust devils remain limited. Onishchenko

et al. (2015) proposed an unsteady model based on convective cell dynamics, deriving

a stream function that speculates rapid vorticity growth in an unstably stratified atmo-

sphere. Their formulation permits indefinite growth with time and axial extent, which is

not as unrealistic as real dust devils weaken and dissipate. Meanwhile, Sheel et al. (2021)

studied steady-state dust lifting but did not incorporate time-dependent dynamics. These

limitations highlight the need for dynamic, time-dependent models that more accurately

illustrate the transient nature of dust devils.

The objectives of this study is to fill these gaps by developing a time-dependent

viscous model that depicts the entire lifecycle of dust devils, from their quick formation to

their slow decay. Dust devils have been observed to form in a matter of seconds, mature

quickly, and last for a few minutes before fading away. Moreover, the axial and radial

velocities decrease with maturity, but azimuthal rotation keeps the vortex going until en-

vironmental conditions cause it to disintegrate.

In this work, a mathematical formulation incorporating temporal evolution is

presented. The model provides a thorough understanding of dust devils’ entire lifecycle

and impacts by bridging the gap between steady-state assumptions and observed dynamics

by taking into account both viscous and transient effects.
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7.1 Mathematical formulation of the problem

Figure 7.1: Cylindrical coordinate system for Dust devils

The unsteady axi-symmetric flow of incompressible, Newtonian, viscous fluids is de-

scribed in cylindrical polar coordinates (r̃, θ̃, z̃), as shown in Fig. (7.1), by Navier-Stokes

equations along with the continuity equation as
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∂ũ

∂r̃
+ w̃

∂ũ
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∂ṽ

∂r̃
+ w̃

∂ṽ
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Here ũ, ṽ, w̃ denote the radial, azimuthal, axial components of velocity while t̃ is time,

p̃ pressure, F̃z = g(ρ − ρ∞)/ρ∞ buoyancy, g the gravitational acceleration, ρ, ρ∞ the
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densities of the vortex and the ambient wind respectively, and ν the kinematic viscosity

of the fluid. To achieve dynamical similarity, we transform the governing equations (1-4)

into a non-dimensional form by introducing the following dimensionless variables:
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, (7.5)

rm being the characteristics radius where the azimuthal velocity is maximum, vm the max-

imum azimuthal velocity at the radius r̃ = rm, z̃ = 0 and t̃ = rm/vm. This is worth noting

that the maximum azimuthal velocity is however dependent on z̃.

Using (7.5), equations (7.1) - (7.4) transform to
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whereRe = vmrm/ν denotes the Reynolds number and F = F̃z/(v2m/rm), the body force.

7.2 Analysis

In modelling the temporal evolution of dust devils, we assume that their characteristic

strength first rapidly intensifies and subsequently decays over time. A simple logistic-

type ordinary differential equation,

dΓ

dt
= aΓ− bΓ2,
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captures this behaviour, exhibiting initial exponential growth followed by saturation and

decay. To reflect this physical process while maintaining mathematical tractability, we

model the time dependence as

exp

(
−λt

2 + 1

t

)
,

where λ is a positive parameter. For small t, the 1/t term suppresses premature growth;

around t ∼ 1, the strength peaks; and for large t, the system decays exponentially, consis-

tent with observed dust devil lifecycles.

This model builds upon the hydrodynamic framework of Onishchenko et al.

(2015), who split the velocity field into poloidal and toroidal parts. Assuming radial

derivatives dominate over axial ones, they derived a stream function for an unsteady, ax-

isymmetric flow
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ar2z

2
e

(
λt− r2
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)

,

where λ is a growth parameter, a is a constant, and rm is the characteristic core radius.

However, their formulation predicts continuous, indefinite growth of the axial velocity for

positive λ, an unrealistic outcome for natural vortices that weaken and dissipate over time.

To address the limitations of previous models and describe the full lifecycle of

a dust devil, we propose a modified stream function in dimensionless form
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t

)
−r2

, (7.10)

whereA is a constant. Although the flow is three-dimensional, the Stokes stream function

remains feasible, and the velocity components are derived as
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Substituting stream-function into Eq. (7.11) yields
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It is readily verified that the initial condition u(r, 0) = 0 is satisfied.

To determine A, we observe that the maximum (in magnitude) of the radial ve-

locity u occurs at r = 1/
√
2 and t = 1, we yield
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√
2e, (7.14)

where um is the magnitude of the maximum radial velocity. Substituting u and w into the

radial and axial momentum equations, we obtain the pressure gradients
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and

∂p

∂z
=

2Az

Re
(−4r4 + 16r2 − 8)e

−λ
(

t2+1
t

)
−r2

+ 2Aλz(1− r2)

(
t2 − 1

t2

)
e
−λ

(
t2+1

t

)
−r2

− 4A2ze
−2

(
λ
(

t2+1
t

)
+r2

)

. (7.16)



Chapter 7. An unsteady analytical model for the complete lifecycle of dust devils..... 136

Integrating Eq. (7.16) with respect to z yields the pressure
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where f(r, t) is an arbitrary function of r and t. Differentiating Eq. (7.17) with respect to
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The azimuthal velocity v can now be expressed as
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where we assume f ′(r, t) = η(r)e
−λ

(
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)
−r2 and η(r) = Br. Applying the boundary

condition v = 1 at z = 0, r = 1, t = 1, the constant B is determined as

B = e2λ+1 +
4A
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+ A2e−2λ−1. (7.20)
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Finally, the pressure field is obtained as
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Typical dust devils exhibit core radii of 5–50m, peak azimuthal velocities of 5–30m/s,

and heights ranging from 10–1000m (Sinclair (1966); Greeley et al. (2003); Bluestein

et al. (2004)). These imply Reynolds numbers Re ∼ 106–107, characteristic of highly

turbulent flows. For this study, we adopt rm = 10m and vm = 10m/s, yielding Re ∼

6.67 × 106. For comparison, moderate values (Re = 1000–5000) are also explored. A

characteristic decay time of 200 s gives a dimensionless decay rate λ ∼ 0.0125, ensuring

realistic temporal evolution.

7.3 Results and Discussion

7.3.1 Radial Velocity

The derived radial velocity Eq. (7.12) attains the maximum magnitude when r = 1/
√
2

and t = 1 (see Appendix). For this reason, we analyse it by plotting diagrams of the radial

profiles for the time intervals [0,1] and t ≥ 1, respectively, in Fig. (7.2) and Fig. (7.3).

The plots precisely demonstrate dust devil formation, growth, and decay. The detailed

illustrations follow.

Fig. (7.2) demonstrates the development phase of the dust devil. During this

phase, radial wind becomes increasingly prominent over a short period, strengthening the
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vortex’s motion (the facts will be clearer when we discuss rotational motion in subsection

7.3.3). Initially, the dust devil forms when the radial wind moves from a large distance

(theoretically from infinity) toward the low-pressure centre to fill the void region. As time

progresses within this interval, the radial velocity increases towards the centre, indicating

intensification of the dust devil, and reaches the maximum at r = 1/
√
2. Beyond this

peak, the velocity declines and eventually vanishes at the centre of the vortex. This trend

demonstrates that during the initial stages (t ∈ [0, 1]), the dust devil intensifies, with its

radial velocity actively growing and propagating inward.

Figure 7.2: The plot presents the radial profiles of normalized radial velocities for time
range 0 − 1 for z = 1, λ = 1 and A = 1. Negative values of u simply indicate that the

radial velocity is directed towards the axis.

Fig. (7.3) shows contrasting behaviour observed during the decay phase. Plots

reveal that the magnitude of radial velocity lessens with time beyond t = 1 and finally

reduces to zero for very large values, indicating the disappearance of the vortex eventually.

This is also confirmed by the theoretical model of u, which tends to zero as t → ∞. This

span of time from t = 1 onwards displays decaying of the dust devils consuming a larger

interval of time, which was formed almost transiently during t varying from 0 − 1. This
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resembles the process of natural occurrence of dust devils. Another graph, viz. Fig. (7.4),

which has radial velocity plotted against time corresponding to r = 1− 3, reveals that the

dust devils have a finite size as the velocity diminishes drastically for values higher than

r = 1.

Figure 7.3: The plot presents the radial profiles of normalized radial velocities for time
range 1 − 2 for z = 1, λ = 1 and A = 1. Negative values of u simply indicate that the

radial velocity is directed towards the axis.

These observations depict the transition from an intensifying phase to a decaying

phase, capturing the complete temporal evolution of the radial velocity in a dust devil. The

overall magnitude of the velocity is smaller during the decay phase, indicating aweakening

dust devil structure. This phase marks the decay of the dust devil, with diminishing radial

motion.
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Figure 7.4: The plot presents the profiles of normalized radial velocities along time for
radii 1 − 3 for z = 1, λ = 1 and A = 1. Negative values of u simply indicate that the

radial velocity is directed towards the axis.

7.3.2 Axial Velocity

The two figures (Fig. 7.5, 7.6) illustrate the evolution of the normalized axial velocity

along the radial direction at different time intervals, capturing the formation, intensifica-

tion, and eventual decay of dust devils. In Fig. (7.5), corresponding to the time interval

0 ≤ t ≤ 1, the axial velocity is maximum near the centre and gradually decreases out-

ward. As time progresses (t = 0 − 1), the peak velocity increases, indicating thereby

that the strong updrafts are concentrated at the centre. Increasing peak velocity marks the

strengthening of vertical motion. While axial velocity increases in the range t = 0 − 1,

it is observed to decrease in the range t = 1 − 4, although not shown, it continues to de-

crease with time even beyond the given range. A slowing down of velocity indicates that

the dust devil is weakening. This phase corresponds to the dissipation stage, where the

vortex loses its intensity, and velocity diminishes over time. The temporal evolution of

axial velocity in a dust devil, transitioning from a phase of strengthening upward motion
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(t ∈ [0, 1]) to one of gradual weakening and dissipation (t ∈ [1, 4]) indicate that a dust

devil forms almost instantaneously i.e., it scales its full height in a very short period but

takes time to decay, which is much slower.

At the vortex centre, axial velocity is maximum, while radial velocity is zero, a

characteristic of vortices driven by low-pressure updrafts (Fig. 7.3, 7.5). Over time both

the velocity components strengthen during intensification (during t = 0− 1) and weaken

as the dust devil dissipates (during t ≥ 1).

Fig. (7.7) illustrates the temporal evolution of the normalized axial velocity at

different radial positions (r = 0 − 1) within the dust devil. Initially, during (0 ≤ t ≤ 1),

axial velocity increases across all radii, with the strongest updraft occurring near the vortex

centre. This pattern is consistent with the dust devil dynamics, which are driven vertically

by a central low-pressure area and maintained by radial inflow. As the dust devil evolves,

axial velocity reaches its peak at t ≈ 1. In the dissipation phase (t > 1), axial velocity

declines, with the decay rate being significant at larger radii, indicating that the outer

regions lose convective strength earlier than the centre. According to this pattern, the

dust devil has a structured life cycle, with peak intensity concentrated in the centre and a

weakening process that spreads outward until the vortex dissipates.

Figure 7.5: The plot presents the radial profiles of normalized axial velocities for time
range 0− 1 for z = 1, λ = 1 and A = 1.
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Figure 7.6: The plot presents the radial profiles of normalized axial velocities for time
range 1− 4 for z = 1, λ = 1 and A = 1.

Figure 7.7: The plot presents the profiles of normalized axial velocities along time for
radius in the range 0− 1 for z = 1, λ = 1 and A = 1.

7.3.3 Azimuthal Velocity

The radial profiles of azimuthal velocity at durations t ∈ [0, 1] (Fig. 7.8) and t ∈ [1, 3]

(Fig. 7.9) illustrate the evolution of rotational motion. At the vortex centre, the azimuthal

velocity is zero. It rises with radius, reaching the peak at r = 1. Beyond this peak, it

begins to fall, but at a slower rate, to eventually vanish somewhere along the radius. This

behaviour indicates that the rotational motion dominates around the low-pressure region.
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The increasing trend of velocity with time indicates the intensification of the

dust devil. During t ∈ [0, 1], wind rotation is observed to intensify with time, rising to the

maximum at t = 1. This takes place in a very short span of time. While contrary to that,

the duration (t ∈ [1, 4]) exhibits the opposite trend. The peak azimuthal velocity starts

to fall with time beyond t = 1, rather slowly, indicating the weakening of the rotational

velocity. This is the most interesting observation that the formation of the dust devil, to-

gether with intensification, takes place almost instantaneously, while its decay spans over a

much longer duration. This is the exact resemblance to the naturally occurring dust devils.

Fig. (7.10) and (7.11) illustrate the temporal evolution of normalized azimuthal velocity

at a fixed height z = 1 for various radial distances. In both plots, the velocity increases

rapidly to a peak and then decays exponentially over time, capturing the characteristic in-

tensification and subsequent weakening of the vortex. The peak velocity is highest near

the core and diminishes as r increases, indicating that the strongest rotational effects are

concentrated closer to the vortex centre.

Figure 7.8: The plot presents the radial profiles of normalized azimuthal velocities for
time range 0− 1 for z = 1, λ = 2, Re = 1000 and A = 1.

The role of the scaling factor λ in the formation dust devils is illustrated in Fig.

(7.12). The plots are the radial profiles of azimuthal velocities corresponding to λ in the
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range 0−2. It is observed that azimuthal velocity decreases as λ increases, and ultimately

the dust devil itself disappears as λ→ ∞. Contrary to that when λ→ 0.

Figure 7.9: The plot presents the radial profiles of normalized azimuthal velocities for the
time range 1 ≤ t ≤ 4 at z = 1, with λ = 2, Re = 1000 and A = 1.

Figure 7.10: The plot presents the profiles of normalized azimuthal velocities over time
for radii in the range 0 < r < 1 at z = 1, with λ = 1 and A = 1.
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Figure 7.11: The plot presents the profiles of normalized azimuthal velocities over time
for radii in the range 1 ≤ r ≤ 2 at z = 1, with λ = 1 and A = 1.

Figure 7.12: The plot presents the profiles of normalized azimuthal velocities over radius
for different λ at z = 1, with t = 1 and A = 1.
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7.3.4 Comparison with Observations

Property Observation Model Prediction

Maximum azimuthal velocity vmax 10–30 m/s ∼ 10–12 m/s

Core radius rm 5–50 m 10 m (assumed)

Decay time (lifetime) 2–10 minutes ∼ 200 seconds

Table 7.1: Comparison of model predictions with observed dust devil properties.

To assess the validity of the model, we compared its predictions with field observations

of dust devils reported by Sinclair (1966) and Bluestein et al. (2004). For representative

parameters (rm = 10m, vm = 10m/s), the model predicts a peak azimuthal velocity of

approximately 10–12 m/s and a core radius of 10 m, both lying within the observed ranges

(Table (7.1)). The estimated 200-second decay time is also consistent with the average

lifetime of a dust devil. These comparisons imply that the model reasonably accurately

depicts the main dynamical characteristics of dust devils.

7.3.5 Pressure Distribution Analysis

The main factor for the development of a dust devil is radial pressure distribution. Due to a

substantial pressure difference between the axis and the outer boundary, dust devils occur

in nature. Axial pressure gradient is deduced by substituting the derived radial and axial

velocities from Eq. (7.11) into the z-momentum Eq. (7.8). Integration of the resulting

equation gives pressure.

The radial pressure profiles for the time range t ∈ [0, 1] and t ∈ [1, 2] are shown

in Fig. (7.13, 7.14) respectively. For the time evolution in Fig. (7.13) , where t ∈ [0, 1],

pressure is initially small at t = 0.3, suggesting the early formation phase of the dust
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devil. As time progresses (t = 0 − 1.0), pressure deficit deepens, particularly near the

centre (r ≈ 0), which signifies the intensification of the dust devil.

Pressure remains low at t = 1.0, indicating that the dust devil is still in its mature

phase with a strong central pressure deficit in t ∈ [1, 2], observed in the Fig. (7.14).

However, the pressure difference starts to decrease with time, especially at smaller radial

distances r. With a slow recovery of pressure towards the centre, this pressure weakening

shows that the dust devil is going through a decay phase. By t = 2.0 the central pressure

has risen considerably, leading to dissipation of the vortex.

Figure 7.13: Radial profiles of pressure difference for time range 0−1 at z = 1 for λ = 1
and A = 1.
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Figure 7.14: Radial profiles of pressure difference for time range 1−2 at z = 1 for λ = 1
and A = 1.

7.4 Conclusion

This study deals with the limitations of previous work that typically focused on either the

genesis or the decay of the phenomenon. The model presents a time-dependent mathemat-

ical formulation for the entire life cycle of a dust devil. This model captures the evolution

of radial, axial, and azimuthal velocities as well as the pressure distribution across spatial

and temporal domains by using a stream function carefully chosen to best represent the

dynamics of dust devils.

The radial velocity remains minimal near the vortex centre, increases to a maxi-

mum, and eventually diminishes outward. The radial velocity grows with time, reflecting

the outward propagation of the radial flow of the vortex during the intensification phase

(t ∈ [0, 1]) while it decreases over time, indicating the gradual dissipation of the dust

devil’s radial motion during the decay phase (t ∈ [1, 2]).
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Similarly, the axial velocity shows the strong upward motion characteristic of

dust devils. The axial velocity reaches its peak at the vortex centre, diminishing radially

outward. In the intensification phase, this updraft strengthens, driven by surface heating.

However, during the decay phase, the axial velocity weakens over time, reflecting the

diminishing of vertical wind as the dust devil dissipates.

The azimuthal velocity exhibits the rotational dynamics of the dust devil, demon-

strating a zero velocity at the vortex centre, a peak at an intermediate radius, and a decline

at larger radial distances. During the growth phase, the azimuthal velocity increases with

time, illustrating the strengthening of rotational forces as the dust devil intensifies. In the

decay phase, the azimuthal velocity diminishes, highlighting the weakening of the vortex’s

rotational energy as the dust devil transitions toward equilibrium. The radial pressure pro-

files shows an increasing pressure with radius, highlighting the low-pressure centre of the

dust devil. Dynamic pressure builds up as indicated by the exponential increase outward.

When energy dissipates, the overall pressure difference gradually decreases, suggesting

a weakening vortex. The dust devil’s intensification and eventual gradual decay are re-

flected in this transition.

The main contribution of the study is its time-dependent approach to dust devil

modelling. This work offers a unified formulation that captures the genesis, intensifica-

tion, and decay of the dust devil, in contrast to earlier models that concentrated on partic-

ular life cycle stages. The findings provide fresh perspectives on the dissipation processes

and temporal evolution of dust devils, in addition to being consistent with their known

physical traits. The proposed framework’s physical validity is further supported by a com-

parison of the model predictions and field observations of dust devils, which reveals good

agreement in terms of decay timescales, core radius, and maximum azimuthal velocity.
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Appendix A

Finding local minima and local maxima for u, taking constant λ = 1 for

u(r, t) = −Are−λ t2+1
t e−r2 (7.A.1)

We compute the first partial derivatives of u(r, t):

∂u

∂r
= −Ae−λ t2+1

t e−r2(1− 2r2),

∂u

∂t
= Aλre−r2e−λ t2+1

t

(
1− 1

t2

)
.

Critical points are found by solving ur = 0 and ut = 0. From ur = 0:

−Ae−λ t2+1
t e−r2(1− 2r2) = 0. (7.A.2)

This implies

r = ± 1√
2
.

From ut = 0:

Aλre−r2e−λ t2+1
t

(
1− 1

t2

)
= 0.

This implies

r = 0 or 1− 1

t2
= 0 ⇒ t2 = 1 ⇒ t = ±1. (7.A.3)

The second-order partial derivatives are

urr =
∂2u

∂r2
= 2Ar(3− 2r2)e−r2−λ(t+ 1

t ),



Chapter 7. An unsteady analytical model for the complete lifecycle of dust devils..... 151

utt =
∂2u

∂t2
=

Aλ2r (2t− (t2 − 1)2)

t4
e−r2−λ(t+ 1

t ),

urt =
∂2u

∂r∂t
=

2λAr2(1− t2) + (t2 − 1)

t2
e−r2−λ(t+ 1

t ).

The discriminant of the Hessian matrix is given by

D = urrutt − (urt)
2.

1. At
(

1√
2
, 1
)
:

D = 4A2e−5, urr = 2A2
√
2e−5λ/2.

Since D > 0 and urr > 0, this is a local minimum.

2. At
(

1√
2
,−1

)
:

D = −4A2e3λ.

Since D < 0, this is a saddle point.

3. At
(
− 1√

2
, 1
)
:

D = 4A2e−5, urr = −2A2
√
2e−5/2.

Since D > 0 and urr < 0, this is a local maximum.

4. At
(
−

√
2
2 ,−1

)
:

D = −4A2e3.

Since D < 0, this is a saddle point.

***********
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research

Overall conclusions

The phenomena discussed in this thesis are atmospheric vortices, specifically dust devils

and tropical cyclones. The results explored are embodied in Chapters 3− 7.

Chapter 3 presents a significant advancement in the mathematical modelling of

steady-state whirlwinds, with a particular focus on dust devils. This work builds upon the

earlier model proposed by Vyas and Majdalani (2006), who assumed an azimuthal veloc-

ity of the form v ∝ 1
r . Their formulation has singularity at the vortex centre and fails to

incorporate vertical coordinate dependence of azimuthal velocity. In contrast, the model

developed in this chapter introduces a more realistic azimuthal velocity profile that de-

pends explicitly on both the radial and axial coordinates. This new formulation remains

finite at the centre of the vortex and is radially bounded, thereby addressing the key limita-

tions of the earlier model. A significant modification in our formulation is the presence of

a separability constant k, which is essential in determining the vortex strength. For regu-

lating the intensity and dispersion of azimuthal velocity, this parameter enables the model

to represent dust devils of different intensities. According to the analysis, the azimuthal

velocity peaks close to r = 1√
2
and then taper off smoothly in both directions, towards

the vortex core and the outer borders. Additionally, the peak velocity moves closer to the

vortex axis as k increases, suggesting a more concentrated rotating structure.

Chapter 4 presents an analytical model for tropical cyclones that incorporates

viscous effects—marking a significant advancement over the inviscid framework of Cecil

and Majdalani (2022). This model accounts for key physical features including vertical

153
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wind structure, realistic boundary conditions, and cyclostrophic balance. The main objec-

tive is to understand how eye size influences cyclone intensity through its effect on radial,

axial, and azimuthal velocities, as well as pressure distribution.

The flow is modelled for steady, incompressible, and axisymmetric, with phys-

ically consistent boundary conditions such as zero axial velocity at the surface and zero

radial velocity at the vortex centre and beyond the eye-wall. The vertical velocity follows

a sinusoidal form based on experimental insights, from which the remaining components

are systematically derived. Pressure is obtained by integrating the axial momentum equa-

tion and applying cyclostrophic balance using the Vatistas profile at the surface.

A key contribution is the incorporation of the eye size parameterα and Reynolds

number Re into the formulation. As α increases, azimuthal velocity peaks more sharply

and falls rapidly in the rain-band, consistent with observational data. Larger eyes lead to

more intense but localized rotational cores, while viscosity—quantified viaRe—modulates

the sharpness and distribution of velocity gradients. The pressure field increases radially

outward from the eye, with steeper gradients for larger eyes and lower altitudes, highlight-

ing the link between eye size, pressure drop, and storm intensity.

Chapter 5 presents a generalized analytical model for steady-state atmospheric

vortices, incorporating viscous effects. Building upon the radial velocity structure pro-

posed by Onishchenko et al. (2021), this work advances vortex modelling by deriving all

three velocity components—radial, axial, and azimuthal—as functions of both radial and

axial coordinates, ensuring they remain bounded throughout the domain. A key novelty

of this model lies in its use of Rankine and Burgers velocity profiles as boundary condi-

tions to enforce cyclostrophic balance at the ground level, thereby yielding a more realistic

representation of vortex dynamics.
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Unlike prior models that often assume unbounded or oversimplified velocity

fields, the proposed framework introduces exponential localization in both the radial and

vertical directions. The incorporation of physically consistent boundary conditions allows

the model to capture the complete flow structure, including the converging radial inflow,

central updraft, and rotational core, as observed in real atmospheric vortices. Furthermore,

by varying the characteristic parameters such as the α and vortex sharpness parameterK,

the model can represent a range of vortex intensities and morphologies—from dust devils

to hurricanes.

Our analysis demonstrates that the azimuthal velocity exhibits distinct behaviour

depending on the boundary condition employed. When Rankine’s model is used, the ve-

locity peaks sharply near the core and increases with height, whereas Burgers’ condition

results in smoother transitions and non-monotonic radial profiles. The model also reveals

how radial pressure distributions vary with altitude and vortex size, providing insights into

the mechanisms that drive vortex formation and intensification.

In Chapter 6 we present an analytical model for atmospheric vortices that incor-

porates all three velocity components—radial, axial, and azimuthal—alongwith a pressure

field derived from the momentum equations. The model modifies the stream function to

include a central low-pressure core and applies a viscous correction to the azimuthal ve-

locity, enforcing the no-slip condition at the ground. Unlike classical models by Rankine,

Burgers, or Vatistas, which assume infinite azimuthal velocity decay, our formulation con-

fines rotational motion within a finite radial domain, capturing the compact structure of

dust devils more realistically.

The model reveals height-dependent inflow-outflow transitions in radial veloc-

ity, strong near-surface axial updrafts that decay with height, and azimuthal velocity fields

that peak near the core and weaken vertically. Parametric control via a shape factor and
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Reynolds number allows for modelling a range of vortex intensities, from weak convec-

tive vortices to intense dust devils. Higher Reynolds numbers produce sharper, more lo-

calized velocity peaks, while variations in the low-pressure core size affect both strength

and spread of the flow.

Chapter 7 introduces a time-dependent analytical model that covers the full life

cycle of dust devils, from rapid formation to gradual decay. By incorporating time, this

work extends beyond traditional steady-state models and provides a unified framework for

analysing transient vortex behaviour. The model yields expressions for radial, axial and

azimuthal velocities and pressure depending on time, offering better understanding of the

mechanisms driving dust devil intensification and decay.

During the intensification phase (t ∈ [0, 1]), all three velocity components—

radial, vertical, and azimuthal—increase with time, but each exhibits a distinct spatial

pattern. The radial velocity, zero at the vortex centre, increases outward to a maximum

near r = 1/
√
2 before declining beyond, reflecting the strengthening of inward flow. In

contrast, the vertical velocity is maximum at the axis and decreases outward, representing

a strong central updraft sustained by a low-pressure core. The azimuthal velocity, initially

zero at the centre, rises with radius and peaks at r = 1 then starts to decrease.

As the vortex enters the decay phase (t > 1), all velocity components de-

crease gradually. The weakening starts at the periphery and moves inward, illustrating

an outward-propagating dissipation. Interestingly, there is a continuous core circulation

as the rotating component decays more slowly than the inflow. The vortex core maintains

its maximum vertical velocity and zero radial velocity throughout its existence.
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Future work

The analytical models developed in this thesis provide a foundational understanding of

the dynamics of atmospheric vortices; however, there are still a number of unknown areas

that may be investigated further. The consideration of thermodynamic effects, such as

buoyancy, heat transfer, and latent heat release, which are crucial in the development and

intensification of real-world vortices, particularly tropical cyclones, may be an interesting

extension. By incorporating these aspects, models could become more physically com-

plete and the current framework would be more applicable to climate research and weather

forecasting.

Analyticalmodelling integratedwithmachine learning is an interesting and present-

day trend for future research. Analytical models may be refined by means of data-driven

approach by accounting fot complex patterns from observational data and high-resolution

simulations that are difficult to capture analytically. For example, satellite data, reanalysis

datasets, or Doppler radar observations can be used to train machine learning models to

estimate model parameters like eddy viscosity or core size. Moreover, artificial models

built using neural networks or Gaussian processes may rapidly approximate vortex ac-

tivity for real-time forecasting and early warning systems. Hybrid modelling approaches

—combining physical insight from analytical solutions with the adaptability of machine

learning algorithms— are expected to be powerful in improving predictive capabilities.

To explore genesis, intensification, and decay under different environmental conditions,

for example, the time development of vortex properties could be modelled using tempo-

ral convolutional networks or recurrent neural networks. likewise unsupervised learning

techniques might help in the classification of vortex type or the finding of hidden struc-

tures in huge datasets, improving our understanding of vortex classification and lifecycle

patterns.
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Combining mathematical models with machine learning enables more accurate

forecasting, creating broader perspective in meteorology, climate science, and disaster

preparedness.

***********
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