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Cross-stream and streamwise vorticity
In the following figure, storm-relative low-level inflow is in the same direction as the vertical shear vector Æ
the flow is normal to the vorticity vector, therefore the vorticity is cross-stream.
Assume potential temperature is conserved below the cloud and θe is conserved in the cloud layer. Initially the θ
(or θe) surfaces are flat. A 'bump' forms when there is an updraft. The storm-relative inflow turns upward on the
upstream side of the bump and downward on the downstream side. Correspondingly on the right side of the bump
is upward titled vortex tube and the left side downward tilted vortex tube, corresponding to max/min vorticity. In
G
this situation, the w and ω H are not correlated, there is no streamwise vorticity.
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In the next situation, storm-relative flow is normal to the vertical-shear vector, the flow is parallel to the
horizontal vorticity vector.

G
G
In this case, the max w coincides with max ω H , and w and ω H are strongly (positively) correlated. There is
large streamwise vorticity.
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G
The following figure shows the horizontal vorticity ω H at various points on a hodograph.

What causes vorticity to be crosswise??
- when storm motion vector lies on hodograph!
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In the above example, the hodograph is a straight line and the shear is undirectional (the flow is not unidirectional,
G
however). If the storm-motion vector C lies on the hodograph, then the storm-relative flow is always parallel to the
shear vector therefore perpendicular to the vorticity vector Æ the vorticity is crosswise.
For
G the above example, if the storm splits into the right and left mover. The storm motion vector for the right
mover R now lies on the right side of the hodograph. The following example shows that in this situation, one gets
significant streamwise vorticity.

G
What hodograph causes large streamwise ω ?
G
- when C lies to the right of hodograph!
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G

ω

G
We see, for example at point 2, that the storm-relative velocity vector Vr 2 is essentially parallel to the shear
vorticity vector.
G G
G
We can compute the component of vorticity ω in the direction of the storm-relative velocity V − C as

G G
G
(V − C ) ⋅ ∇ × V
G G
ωs =
|V − C |
G

which we call the streamwise vorticity.
The numerator,
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G G
G
H = (V − C ) ⋅ ∇ × V
is known as helicity.
In the case of streamwise vorticity, which is present only when the wind direction changes with height
(again, neglecting the contribution from vertical motion's horizontal gradient), one can visualize the flow as
being helical; a good mental image is a passed football rotating in a "spiral." Hence, the term helicity is
associated directly with streamwise vorticity.

Schematic showing how the superposition of horizontal vorticity (ωh) parallel to the horizontal flow (Vh)
produces a helical flow.

Another quantity, called the coefficient of streamwise vorticity,

G G
G
(V − C ) ⋅ ∇ × V
G
RH = G G
| V − C || ∇ × V |
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is often used too, and it is also called relative helicity.
Davies-Jones has shown that the correlation coefficient for storm vertical vorticity and storm vertical velocity is
approximately proportional to the environmental relative helicity (calculated based environmental shear and
horizontal vorticity).
Why large helicity is beneficial for storms?

Dough Lilly suggested that the longevity of supercell storms is due to their large helicity. Consider the 3D vorticity
equation that we derived earlier:
G
G G
∂ω
=∇ × (V ×ω ) + ∇ × ( Bkˆ)
∂t
G
G
If the storm-relative velocity vector V points in the same direction as the vorticity vector ω , then
G G
V ×ω = 0,
therefore the first term on the right hand side is zero – this term give rises to advection, stretching and tilting terms
as we say earlier. When it is zero, the only source of vorticity is the buoyancy production term, which contributes
only to the horizontal vorticity, not vertical component of vorticity. In this situation, vertical vorticity is conserved
– therefore rotation can be maintained effectively. We see more clearly from the following.
Making use of vector identity

G G
G G
G G G
G
G
G
∇ × (a × b ) = a (∇ ⋅ b ) − b (∇ ⋅ a ) − (a ⋅ ∇ )b + (b ⋅ ∇)a

8

G G G G
G
letting a ≡ V , b ≡ ω , and noting ∇ ⋅ω = 0 , we can obtain
G G
G
G
G
G
G
G
G
G
0 = ∇ × (V × ω ) = V (∇ ⋅ ω ) − ω (∇ ⋅ V ) − (V ⋅ ∇)ω + (ω ⋅ ∇ )V Æ
G
G G
G
G
G
V ⋅ ∇ω = − ω ∇ ⋅ V + ω ⋅ ∇ V
The left hand side is the vorticity advection, the right hand side are the stretching term (related to divergence) and
tilting term. The equations say that the effect of advection is cancelled by stretching and titling. Nonlinear
advection is a source of energy dissipation, through what's called the energy cascade to smaller scales due to
nonlinear wave-modes interaction. The cascade to smaller scales eventually causes energy dissipation.
Thus if a storm becomes a right-mover due to perturbation pressure dynamics, the magnitude of the correlation
between w' and ωs tends to be positive and large, and causes larger streamwise vorticity. The right-mover, from
this view point, is also favored for clockwisely curved hodographs - because the storm motion vector of the right
mover is further away from the hodograph therefore the storm-relative wind, especially that component that is
parallel to the horizontal vorticity, is larger.

G G
G
However, (V − C ) ⋅ ∇ × V is not Galilean invariant, i.e., it is dependent on the coordinate system (following the
storm motion) chosen. Therefore there is no single value of helicity for a given sounding (unlike CAPE) – it
G
G
depends on the value of C and requires an estimate of C before the helicity can be calculated.
It is believed that the storm-relative helicity in the lowest two or three kilometers of the atmosphere is most
relevant to the likelihood of supercell behavior with storms in that environment.
Therefere, helicity integrated over the lowest 3 km, i.e.,
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H =∫

3 km

0

G
G G
∂
V
(V − C ) ⋅ (kˆ ×
)dz
∂z

is often calculated and used as
G a guidance for thunderstorm forecast. Here we assume the vorticity is given by the
environmental wind vector V .

G
To do that one also has to estimate the storm motion vector C . A crude way is to use the pressure-weighted mean
wind in the lowest 5 to 6 km.
It turns out that the vertical integrated helicity is equal to minus twice the signed area swept out by the stormrelative winds between the surface and height Z, i.e.

See detailed explanation in McCaul et al writeup. Therefore, the farther is the tip of storm-motion vector from the
hodograph, usually the larger is the helicity.
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Examples of hodographs from environments that produced significant tornado outbreaks in Oklahoma are given
below.

0 (m s'l
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Early results indicate that for tornado producing environment, H ranges from approximately 150 m2 s-2 to upwards
of 1000 m2s-2. Davies-Jones (1990) examined the results of 28 tornado cases with the following categories for H:
150 < H < 299
300 < H <449
H > 450

weak tornadoes
strong tornadoes
violent tornado

It is important to point out that helicity will not determine whether or not storms will develop, but instead indicates
how a particular storm (or storms) may evolve given the ambient shear.

Strongly veering hodograph versus straight hodographs

At first glance, tornadic storms would be most likely only when the hodograph shows vertical shear that veers
strongly with height, such storms are also possible when the hodograph is relatively straight.
Considerable streamwise vorticity may be present with a straight hodograph if storm motions lie significantly to
the right of the hodograph. This would occur when split cells move sideways away from the “steering level” flow
that originally lies on the straight hodograph.
An example of a hodograph which was approximately straight from 2 km to 11 km of altitude, along with the
observed storm motions. (L = left-mover, R = right-mover) for a splitting storm pair, are shown below. Also shown
are the tracks of splitting storms observed by radar, and the corresponding tracks of storms simulated numerically
for similar environmental conditions.
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FIG. Proximity hodograph for the Union City, Oklahoma, splitting storm.
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FIG . The observed and modeled storm development on 2 April 1964, which has similar environment as the Union
City OK storm. The storms are labeled and are several times the contoured regions are stippled for better
visualization. (From Wilhelmson and Klemp. 1981.)
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Summary - Why do we look at helicity?

• Given a particular environment, certain aspects of the ambient flow may enhance the energetics and
longevity of storms that develop.
• Helicity provides yet another method to deduce and/or ascertain information pertaining to the internal
dynamics of severe storms.
• Helicity is implicitly coupled to both kinetic energy and enstrophy, consequently, disturbance energy
calculations are possible via the "helicity equations".
• Theory suggests the suppression of the inertial energy cascade as a result of the helical nature of a storm.
• Helicity is proportional to the low-level streamwise vorticity, and if taken as a storm-relative quantity is
proportional to the strength of the low-level storm inflow.
• Helicity explicitly accounts for storm motion.
• Helicity can be easily calculated from the area on a hodograph diagram (see next).
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Because the storm-relative (environmental) helicity depends on how far the storm-motion vector is from the
hodograph curve, one can plot 'helicity contours' on a hodograph. It tells us that if the storm-motion vector falls in
certain areas on a hodograph, you get certain amount of helicity. The following is an example from Droegemeier et
al (1993).
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Bulk Richardson Number

The quantitative relations between environmental shear and thermal instability and resulting storm type have been
studied with numerical models (Weisman and Klemp, 1982; 1984). The results indicate that a parameter known as
the bulk Richardson number (BRN), defined by:

BRN =

CAPE
1/ 2 U 2

is a good predictor of storm type.
In the above formula, CAPE is the convective available potential energy (positive area) of the sounding, and
U = u6000 − u500 is a measure of wind shear below 6 km level, and u6000 and u500 are the density-weight mean wind
in the lowest 6 km and 500m layers of the atmosphere, respectively (Weisman and Klemp, 1982).
According to Weisman and Klemp,
When BRN ≥ 40, storms are likely to be multicell, and
When BRN ≤ 40, storms may be supercell
When BRN < 10 with unidirectional shear, storms may be suppressed by the excessive shear, although with
curved hodographs this suppression is less noticeable.
It should be noted that a shortage of CAPE in a sounding may be overcome if mesoscale or synoptic scale
dynamical lifting is sufficiently strong. However, a shortage of shear (equivalent to weak low-level storm inflow)
or an unfavorable hodograph shape are much more difficult to compensate for.
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Summary – Roles of shear and CAPE

• Strong vertical shear and a veering or straight hodograph in an environment of veering winds are important
in setting the stage for supercell convection and possible tornadoes.
• Large CAPE is also desirable, although this requirement may be relaxed if strong lifting is present.
• Absence of shear, however, is an obstacle to supercell development that is more difficult to overcome.
• Nevertheless, hodograph structure is very sensitive to changes in the wind field, and many mesoscale regions
of favorable shear are never sampled by the existing rawinsonde network.
•

It is therefore imperative that the forecaster use all available data - surface obs, upper air obs, wind profilers,
radar data and satellite images – in assessing the risks of severe weather in the thunderstorm season.
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ABSTRACT

A three-dimensional numerical cloud model is used to investigate the influence of storm-relative environmental helicity (SREH) on
convective storm structure and evolution, with a particular emphasis on the identification of ambient shear profiles that are conducive
to the development of long-lived, strongly rotating storms. Eleven numerical simulations are made in which the depth and turning
angle of the ambient vertical shear vector are varied systematically while maintaining a constant magnitude of the shear in the shear
layer. In this manner, an attempt is made to isolate the effects of different environmental helicities on storm morphology and show that
the SREH and bulk Richardson number, rather than the mean shear in the low levels, determine the rotational characteristics and
morphology of deep convection.

The results demonstrate that
• Storms forming in environments characterized by large SREH are longer-lived than those in less
helical surroundings.
• The storm-relative winds in the layer 0-3 km must, on average, exceed 10 m s-1 over most of the
lifetime of a convective event to obtain supercell storms.
• The correlation coefficient between vertical vorticity ζ and vertical velocity w, which (according to
linear theory of dry convection) should be proportional to the product of the normalized helicity density,
NHD (i.e., relative helicity), and a function involving the storm-relative wind speed, has the largest peak
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values (in time) in those simulated storms exhibiting large SREH and strong storm-relative winds in
the low levels.

• Even when the vorticity is predominantly streamwise in the storm-relative framework, giving a normalized
helicity density near unity (as is the case in many of these simulations), significant updraft rotation and
large w-ζ correlation coefficients do not develop and persist unless the storm-relative winds are
sufficiently strong.
• The correlation coefficient between w and ζ’ based on linear theory is found to be a significantly
better predictor of net updraft rotation than the bulk Richardson number (BRN) or the BRN shear,
and slightly better than the 0-3-km SREH.
• Both the theoretical correlation coefficient and the SREH are based on the motion of the initial storm after its
initially rapid growth. Linear theory also predicts correctly the relative locations of the buoyancy, vertical
velocity, and vertical vorticity extrema within the storms after allowance is made for the effects of vertical
advection.
• In predicting the maximum vertical vorticity both above and below 1.14 km, rather than the actual wζ correlation, the 0-3-km SREH performs slightly worse than the BRN.
• The correlation coefficient, SREH, and BRN all do a credible job of predicting storm type.
• Thus, it is recommended that operational forecasters use the BRN to predict storm type because it is
independent of storm motion, and the SREH to characterize the rotational properties of storms once
their motions can be established.
• Finally, the ability of the NHD to characterize storm type and rotational properties is examined. Computed
using the storm-relative winds, the NHD shows little ability to predict storm rotation (i.e., maximum w-ζ
21

correlation and maximum vertical vorticity), because it neglects the magnitudes of the vorticity and
storm-relative wind vectors.

• Histograms of the disturbance NHD show a distinct bias toward positive values near unity for supercell
storms, indicating an extraction of helicity from the mean flow by the disturbance, and only a slight bias for
multicell storms.
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