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XIV.1 Introduction

This chapter discusses atmospheric vortices. §2 of the chapter presents a brief
derivation of the mathematical formulation used in characterizing atmospheric
vortices. Atmospheric turbulent vortices are discussed in §3. Solenoidally-generated
vortices, which include sea and land breezes, mountain-valley circulations, and
microbursts are discussed in §4, while small-scale vortices generated by vertical
shear of the horizontal wind are briefly described in §5. Synoptic-scale vortices
are introduced in §6, cumulonimbus-caused mesoscale vortical motion is presented
in §7, and mesoscale vortices resulting from horizontal shear of the horizontal
wind are discussed in §8. A relatively in-depth summary of tornadoes and tropical
cyclones is given in §9 and §10, respectively. Finally, a summary of the chapter is
presented in §11.

X1IV.2 Derivation of Equations; Definitions

A convenient mathematical description of atmospheric vortices uses the vortic-
ity equation. A general form of this equation, derived in Pielke (1984) from the
momentum equation, is:
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occurs when the cross sectional area normal to the axis of the vortex tube
changes.)

(iv) the creation or destruction of wp by subgrid-scale velocity fluxes

(v) the generation or removal of w,, as a result of gradients in density (referred to
as the solenoidal term), and

(vi) the creation or destruction of wp, due to non-zero velocities on the rotating
Earth.

Equation (14.2.2) (or alternatively (14.2.1)) represents three component equations.
In addition to these relations, several other conservation equations and constraints
must be simultaneously satisfied. These are (as discussed in detail in Pielke (1984)),
the conservation of heat, based on the first law of thermodynamics for an ideal gas,
the conservation of moisture in its three phases, the conservation of mass of air,
and the conservation of other gaseous and aerosol materials in the atmosphere.

XIV.3 Three-Dimensional Atmospheric
Vortices — Atmospheric Turbulent Vortices

There are several textbooks that discuss atmospheric turbulence. These include
those of Lumley and Panofsky (1964) and Garratt (1992). Atmospheric turbulence
is generally defined as having three-dimensional structure and consisting of a range
of spatial scales of chaotic motion.

Equation (14.2.1) can be manipulated, in a manner analogous to the derivation
of the Reynolds stress equations, to produce:
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where the Coriolis term has been dropped since scale analysis indicates that this
term is negligible for the spatial scales characteristic of three-dimensional turbu-
lence. The variable & = u/"2/2 can be interpreted as the turbulent kinetic energy, if
the averaging volume defined by the overbar is small enough such that the smaller-
scale motions are three-dimensional and chaotic.

Term (i) in (14.3.1) is the flux of & by the average wind, and term (ii) is the
flux of e by the turbulent wind and is referred to as a third-order correlation term
since euj = uju/!. Term (jii) represents the shear production of &. Term (iv) is
the pressure correlation term which, as discussed by Lumley and Panofsky ( 1964),
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acts to transfer kinetic energy between the three velocity components. Term (v) is
a buoyancy term that can either produce or suppress turbulence.
The ratio of term (v) to term (iii),

Ry = [(gu"a”) / a%] / [eo (wif) 9/ 0z

is a form of the fluz Richardson number. Ry < 0 corresponds to the situation where
buoyancy produces turbulence, while Ry > 0 represents the case where buoyancy
suppresses the turbulence created by shear of the mean velocity. When Ry > 0,
some of the kinetic energy caused by the velocity shear generates gravity waves,
rather than turbulence.

Turbulence, resulting in vortical motion, is also generated in a saturated at-
mosphere if the latent heat released during condensation or deposition results in
a layer in the atmosphere, or a parcel of air, which is warmer than the air in its
vicinity. The atmosphere in which this vertical instability can occur is referred to
as conditionally unstable (Air Weather Service Manual Technical Report-79/006
1990). Cumulus clouds are the visual manifestation when this instability is real-
ized. The turbulent vortical structure in such clouds is particularly ob¥ious in time
lapse photography. Recently, the concept of slantwise instability (also referred to as
symmetric instability) has been introduced to describe the generation of cumulus
convective bands along sloped ascent (Emanuel 1983).

Atmospheric turbulence, with its large Reynolds numbers, can be considered to
consist of three regions. The turbulence production region typically occurs on the
larger spatial scale where velocity shear (term (iii) in (14.3.1)) and/or buoyancy
(term (v) in (14.3.1)) provide the mechanism to transfer kinetic energy from the
large-scale flow field to the smaller-scale turbulent fluctuations. The turbulence
is dissipated at the very small spatial scales where viscous effects become dom-
inant (for the atmosphere this scale is on the order of millimetres; see Lumley
and Panofsky (1964) p.82). At the intermediate spatial scales where turbulence
is neither generated nor eliminated, the kinetic energy is transferred to smaller
scales through terms (ii) and (iv) in (14.3.1). These spatial scales are referred to
as the inertial subrange (Lumley and Panofsky 1964). In this subrange, the kinetic
energy spectrum has a k~5/3 relationship (as predicted by Kolmogorov), where k
is the wavenumber of the turbulent eddy.

XIV.4 Solenoidally-Generated Vortices

The solenoidal term in (14.2.2) can be utilized to describe the formation of one
type of vertically oriented circulation, which is referred to as a thermally forced
atmospheric system. As illustrated in Figure 14.4.1, dense air adjacent to less dense
air at the same pressure level will result in a flow from the denser atmosphere
towards the less dense region. Since density is inversely related to air temperature
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Figure 14.4.1 Idealized solenoidal circulation where ps < p; and g5 < g1.

through the ideal gas law (i.e., T = p/pR, where R is the gas constant of air), air
tends to flow from cold air to warm air as a result of the solenoidal term.

Examples of these surface thermally forced atmospheric vortices include land-
and sea-breezes (see Figure 14.4.2a), urban-rural wind flows, mountain-valley cir-
culations (see Figure 14.4.3a), as well as circulations that develop in response
to other spatial variations in landscape (e.g., irrigated land adjacent to dryland
prairie, snow cover next to snow-free land, etc. See discussions in Atkinson (1981),
Pielke (1984), and Lyons et al. (1993).
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When a large-scale lower tropospheric flow is superimposed on this solenoidal
circulation, the horizontal density gradient is strengthened locally where the solen-
oidal flow opposes the larger-scale wind. This phenomenon can result in a stronger
vortex, as long as the larger-scale wind is not too strong. Estoque (1962) originally
reported this vortex strengthening for the sea breeze problem (see Figures 14.4.2¢
and 14.4.2d). This interaction of the large-scale wind and the solenoidal circulation
is a nonlinear process, and not a simple linear superposition of the two flows. An
onshore large-scale wind tends to weaken the solenoidal circulation, as illustrated
in Figure 14.4.2b and discussed in detail by Arritt (1989). Figure 14.4.3b illustrates
the vortex strengthening in the context of the mountain-valley circulation.

Solenoidal circulations can also develop from non-surface forcing. For example,
cold downdrafts from thunderstorms or from larger-scale cold advection will spread
laterally when the air reaches the surface. The result is the generation of horizontal
vorticity associated with the leading edge of this cold gust front (Shapiro 1984).

When the winds and change of winds with time and space are sufficiently
large, thunderstorm downdrafts are referred to as downbursts (or, alternatively,
microbursts) as discussed in McCarthy et al. (1982) and Wilson et al. (1984).
Microbursts have been implicated in catastrophic airliner crashes (Pielke 1990).

The boundary between air mass type also is often associated with solenoidal
circulations which are modified by the Earth’s rotation. This type of circulation
is referred to as a frontal circulation and is discussed in detail in Williams (1972),
Hoskins and Sharp (1982), and others.

XIV.5 Small-Scale Vortices Generated by
Vertical Shear of the Horizontal Wind

Vortices can develop as a result of other forcings in the density-weighted vortic-
ity equation. For instance, breaking waves in the vertical direction (referred to
as Kelvin-Helmholtz instability) occur when the generation of vorticity by vertical
wind shear interactions (term (iii) in Equation (14.2.2)), is more rapid than the
damping of the wave by the buoyancy term (term (v)). Airflow over terrain ir-
regularities can also develop closed circulations as waves are excited by the forced
vertical displacement of the air which can result in overturning vortical motions if
the displacement is sufficiently large (Smith (1979) has a discussion of this type of
circulation).

XIV.6 Synoptic-Scale Vortices

There has been considerable study of large-scale horizontal vortices in atmospheric
science (Carlson 1991; Bluestein 1992; and Holton 1992). Having spatial scales
of hundreds to thousands of kilometres, these synoptic-scale meteorological fea-
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tures include extratropical and tropical cyclones, polar and subtropical anticy-
clones (Pielke et al. 1987), and polar lows (Montgomery and Farrell 1992). As a
result of the influence of the Earth’s rotation (i.e., the Coriolis force), these cir-
culations tend to rotate counterclockwise around low pressure systems and clock-
wise around high pressure systems, in the northern hemisphere, when viewed from
above. Figure 14.6.1a presents a geostationary earth orbiting satellite (GOES) im-
age of upper tropospheric water vapor and Figure 14.6.1b shows a GOES infrared
image of cloud systems, to illustrate these large-scale vortex motions.

There are several flow instabilities that generate these vortices. Inertial insta-
bility was first defined as centrifugal instability (Emanuel 1984). In a classical
two-dimensional inertial stability problem, if the angular momentum decreases
with the radius in an axisymmetric vortex, it is inertially unstable. In the three-
dimensional case using a rotating coordinate system, inertial instability occurs
when there exists a region of absolute vorticity of opposite sign to the large-scale
vorticity such that an imbalance occurs between the horizontal pressure gradient
force and the Coriolis force. For zonal conditions, as shown by Holton (1979), the
inertial instability condition in the northern hemisphere is f — ‘g—g < 0, where U
is the large-scale zonal wind and f = 2Qsin ¢. The independent variable y is the
north-south direction, and ¢ is the latitude. Such an instability often occurs as
air flows around high pressure systems and the pressure gradient force is not large
enough to balance the outward centripetal acceleration and the Coriolis effect.
Ciesielski et al. (1989) illustrate from satellite imagery the generation of unstable,
relatively small-scale horizontal vortices associated with the anticyclonic side of a
strong upper tropospheric subtropical jet stream as it flows around the northside
of a subtropical high pressure system in the northern hemisphere.

Barotropic instability resulting in vortical motion develops as a result of large
horizontal gradients of velocity. Holton (1992) indicates that a necessary condition
for this instability is that the horizontal gradient of absolute vorticity must change
sign somewhere in the region. For zonal flow conditions, the barotropic instability
condition in the northern hemisphere is

o o,
dy 9y —

When this occurs, kinetic energy is extracted from the wind flow to generate hor-
izontal waves which can break down into horizontal vortices over a time period of
a few days or less. Holton suggests that this instability mechanism is responsible
for African wave disturbances which develop over the Sahel region, and occasion-
ally intensify into tropical cyclones off the African west coast. Dobrovolskis and
Diner (1990) discuss barotropic instability on Venus. In terms of potential vorticity
(PV), a necessary condition for barotropic instability is that the potential vorticity
must change sign in the horizontal direction. This condition is not sufficient if the
regions of positive and negative PV are too far apart, then the influence of one
region will not affect the other and no instability will occur. The influence decays
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Figure 14.6.1 (a) GOES satellite image of upper tropospheric water vapor for 15 February 1992
at 0341 Z, and (b) GOES infrared image of cloud systems for 15 February 1992 at 0401 Z.
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exponentially with the separation distance between the two PV regions (Hoskins
et al. 1985).

Baroclinic instability occurs as a result of the interaction of temperature advec-
tion superimposed on a velocity field. Charney (1947) introduced this concept to
describe the conversion of potential energy to kinetic energy characteristic of mid-
and high-latitude extratropical cyclonic vortices. Since the horizontal temperature
gradient is largest near the polar front that demarcates air of polar origin from
that of tropical origin, these cyclonic vortices develop along this front. The verti-
cal wind shear of the horizontal wind is also large in this region as a result of the
large horizontal pressure gradient differences in the middle and upper troposphere,
which are caused by the large horizontal temperature difference between the polar
and tropical air throughout the troposphere. Carlson (1991) summarizes several
of the characteristics associated with this instability, including that larger vertical
wind shears yield greater growth rates and longer wavelengths, and that below a
critical vertical wind shear (about 2000 km) no growth occurs. The optimal growth
rate occurs for horizontal wavelengths of 3000 to 4000 kilometres which explains,
for example, why mid-latitude synoptic storm systems that influence our day-to-
day weather are typically this size. Examples of papers which analyze baroclinic
instability include Bannon (1989) and Reinhold (1990).

From the potential vorticity point of view, a necessary condition for baroclinic
instability is for the northward gradient of PV evaluated on a potential tempera-
ture, 8, surface to change sign on a different 8 surface, i.e.,

8PV arv
-5 | >0 . - <0
0y g Oy 6+A06

Similar to the barotropic case, these PV regions must be close enough in the
vertical to influence one another, otherwise the above criterion is not sufficient.
Mathematically, barotropic and baroclinic instabilities are quite similar.

XIV.7 Cumulonimbus-Generated Mesoscale
Vortices

Mid-level cyclonic vortices of an average diameter of 150-300 km can be gener-
ated by mesoscale cumulonimbus convective systems (Johnson et al. 1989; Bar-
tels and Maddox 1991). Mesoscale convective systems in their mature stages have
large stratiform anvils typically with latent heating at mid and upper levels in
the tropospheric and cooling at low levels. These systems are characterized by a
mid-tropospheric-level low pressure anomaly with high pressure at the surface and
upper troposphere. Mid-level inflow occurs with lower- and upper-level outflows.
The effect of the Coriolis force on the middle-level inflow is to generate a cyclonic
vortex. These vortices can generally be identified by visible satellite imagery, where
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the larger ones are referred to as mesoscale convective complezes (Cotton 1990).
Durations of these vortices on satellite imagery are typically less than 12 h, unless
new convection develops within the vortex which occasionally occurs. Although
the vortex may no longer be identifiable from satellite imagery after the clouds
have dissipated, the cyclonic circulation may persist for many hours. These vor-
tices have been observed to develop into tropical cyclones when they move over
warm oceans (Laing and Fritsch 1993).

XIV.8 Mesoscale Vortices Generated by
Horizontal Shear of the Horizontal Wind

Vortices of predominantly vertical vorticity are also generated as flow passes-terrain
obstacles such as islands and mountains. The horizontal velocity shear resulting
from an impediment to the flow can generate vortices when vertical ascent over
the obstacle is inhibited by a stable atmospheric stratification. A quantity defined
as the Froude number (Fr = U/N H where U is the upstream velocity, N is the
Brunt Viisild frequency, and H is the height of the obstacle) is used to estimate
whether or not mesoscale vortices will be shed by the terrain obstacle as flow
moves past it. Small values of Fr (Fr << 1) promote the creation of this type of
circulation. Chopra (1973) discusses this type of vortex generation. Smolarkiewicz
et al. (1988) describe the alteration of flow associated with the island of Hawaii as
related to Fr. Crook et al. (1990) discuss such vortices that result due to airflow
in the complex terrain of the Colorado Front Range.

X1IV.9 Tornadoes

Tornadoes, the most violent of windstorms found in the atmosphere, are intense
vortices normally associated with thunderstorms (Figure 14.9.1).

They are most common in the mid-western United States in spring and early
summer, and in the Gulf States in late winter and early spring, but have been ob-
served in all seasons and in many other parts of the world as well. The strong winds
of a tornado extend to the ground, where they cause considerable destruction, in-
jury, and loss of life annually (see Grazulis (1990) for a comprehensive listing of
significant tornadoes in the U.S.).

Tornadoes occur in a variety of shapes and sizes, and the flow within them
can range considerably in complexity. The core of the vortex, defined as the region
between the axis and the radius at which the maximum azimuthal wind component
occurs, typically ranges from a few tens of metres to as much as a kilometre in
diameter. By Stokes’ theorem [see (1.1.3)], the component of vorticity parallel to
the vortex axis is large on average in the core, although it may be non-uniformly
distributed. Outside the core, axial vorticity is much weaker, and is often close to
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lines trace paths which are oriented axially through the vortex core and spread ra-
dially outward in all directions to distances of several core diameters upon reaching
the surface friction layer. He argues such a configuration to be evidence that those
vortex lines pre-existed with vertical tilt and wider horizontal spacing, and were
materially transported toward the tornado axis by horizontally-convergent winds.

Convergence of vortex lines acts not only to increase vorticity, but also to in-
crease rotational velocity as well. This may be illustrated by considering the cir-
culation I' around a material ring coinciding with the core wall of a vortex. By
Kelvin’s Theorem (1.2.13), I' will remain constant as convergence of fluid toward
the vortex axis advects the ring inward and reduces its radius and circumference.
By the definition of circulation (1.1.9), the velocity must increase as the path
length decreases.

Given that vortex line convergence is the final process in tornadogenesis, the
question of how a tornado forms translates to: (1) how are vortex lines assembled
in the first place over a region at least a few core diameters wide, and (2) how is
the kinematic flow field established which concentrates the vortex lines? Precise
answers to these questions are less certain, and probably vary widely from case
to case. Two examples which have received some attention are described in a
simplified manner below. Wilczak et al. (1992) reported a fairly weak tornado in
eastern Colorado which formed along a boundary between two distinct air masses.
The two air masses had dissimilar mean horizontal velocity vectors, such that
the dividing boundary was a region of both horizontal convergence and. vertical
vorticity. Upward motion resulting from the convergence carried sufficient water
vapor aloft to cause condensation. The associated release of latent heat warmed
the ascending air, causing it to become more buoyant and rise faster. Convergence
along the boundary was likewise intensified, and the process continued to amplify.
Eventually, convergence persisted sufficiently for the pre-existing vertical vorticity
(vertical vortex lines) to become more concentrated, and a tornado resulted. The
major impetus for vortex line convergence here was horizontal convergence beneath
the convective cell, while the vertical orientation of vortex lines apparently existed
prior to mature convection. The waterspout, a vortex similar to a tornado but
forming over water, has been observed to commonly develop along convergence
lines (Simpson et al. 1985), and may often develop by a similar mechanism.

The local environment for most strong tornadoes appears to be set up in a more
complicated way (e.g., Lemon and Doswell 1979). Here, vertical vorticity does not
precede convection, but results from it. In the pre-storm environment, considerable
horizontal vorticity (i.e., the vertical shear of the horizontal wind) exists in, at least,
the lowest 1 or 2 km of the atmosphere. Upward convective motion in the storm
transports a portion of the vortex lines upward, resulting in a vertical vorticity
component where the lines slope (Lilly 1982; Davies-Jones, 1984). Equivalently,
upward motion transports low-level horizontal momentum to middle and upper
levels of the storm where it differs from the ambient momentum outside the storm;
vertical vorticity results from horizontal gradients of horizontal momentum, and
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Since the tropical cyclone has low-level radial inflow and upper-level radial outflow,
there is significant shear normal to the rainbands. The low-level inflow feeding the
convective cells is mainly from the outer side of the band (farthest from the cyclone
center). Precipitation induced downdrafts can modify the subcloud layer, which
has led to speculation that they could reduce the energy available for convection
in the eye wall (Powell 1990). The bands are also a region of azimuthal wind speed
maxima. There is some evidence that their development may be influenced by the
translation speed of the storm (Shapiro 1983).

The eyewall of the tropical cyclone is often disorganized when the storm is weak,
but becomes more organized as it strengthens. For a hurricane, mean updrafts are
~5 m/s with maximum core updrafts of ~10 m/s. Convective cells are typically
2-5 km in diameter. The updrafts appear to slope radially outward with altitude
(Jorgensen 1984; Black and Willoughby 1992). Steeper sloping updrafts appear to
be associated with stronger storms (Shea and Gray 1973). Precipitation adjacent
to the eyewall is predominantly stratiform. Sometimes spiral rainbands may form
a partial or complete ring of heavy precipitation around the eyewall, with a well-
defined wind maxima. This pattern of inner and outer convective rings is generally
referred to as concentric eyewalls. Tropical cyclones with concentric eyewalls some-
times undergo a transformation in which replacement of the inner eyewall coincides
with a decrease in storm intensity. Shapiro and Willoughby (1982) showed that a
simple model of balanced vortex response to added heat or momentum can explain
convective-ring contraction. Weakening occurs because the outer eyewall may act
as a barrier to the flow of saturated air into the vortex center and, more impor-
tantly, because the outer eyewall, as it intensifies and contracts, induces strong
subsidence over the inner eyewall. These two effects disrupt the transverse circu-
lation of the inner eyewall, causing the central pressure to rise and leading to a
radial wind profile that is weaker and more uniform than before the outer eyewall
formed.

Numerical models have contributed significantly to our understanding of tropi-
cal cyclones and are used routinely as a forecasting tool. Early attempts to numeri-
cally simulate the tropical cyclone made use of a simplified set of equations and are
described as balanced models (Ooyama 1969, 1982). They were axisymmetric and
the effects of latent heating in convective clouds were not explicitly resolved, but
were represented by a cumulus parameterization scheme. The simulated tropical
cyclone exhibited a life cycle of growth, maturity, and decay. Experiments indi-
cated the importance of a high sea surface temperature and the related sensible
and latent heat supply from the ocean.

Three-dimensional primitive equation models were developed (Kurihara and
Tuleya 1974; Mathur 1974), but they still made use of cumulus parameterization
closure; an approach which significantly simplifies the physics associated with deep
cumulus convection. Many of the observed features of tropical cyclones were re-
produced, however, including spiral rainbands and a strongly asymmetric outflow
layer. Model simulations support the view that intensification can occur as a re-
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