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Dansk Resume

Tordenbyger kan under visse betingelser organisere sidtiogile og/eller supercelle systemer. Et
multicelle system opleves som et langvarigt og seerdelesdgredrdenvejr og i nogle tilfaelde er
systemet istand til at skabe tornadoer. Der redeggresdanvbrdan vekselvirkning mellem
baggrundsstremning og stramning knyttet til tordenbyger $kabe gunstige betingelser for
selvorganisering. Et multicelle tordenvejrssystem, seendede Nordtyskland, undersgges.
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Abstract

Deep convection is often triggered by forcing on synoptimisoscale. Once deep convection has
formed, it may organize itself into a severe convectiveaystonsisting of multicells and/or
supercells. Interaction between the synoptic-scale flaivthe convective-scale flow plays an
important role in this self-organization. The interactgemerates a dynamic perturbation pressure
and vertical gradients in the perturbation pressure mggeér new convective updrafts. The theory
behind is briefly reviewed, and a multicell storm case overtiNean Germany is investigated.

M Danish Meteorological Institute
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Introduction

In contrast to convection in the planetary boundary lay@rese convection usually involves the
whole depth of the troposphere, with overshooting tops fpatieg the lower stratosphere. The three
spatial dimensiond,,, L, andL., of a severe convection cell is of the same order of magnitude
(Ly ~ L, ~ L, ~ 10 km). The acceleration of the three dimensional wind is typjcal 10~2 ms >
and since:r ~ v ~ w ~ 10ms~!, the Coriolis acceleration is typically of orded— ms—2, which
means that a typical Rossby numbg&o, = %‘;]/f\V\, for severe convection iBo ~ 10. This

should be compared witRo ~ 0.1 for 1000 km-scale extratropical cyclones.

Severe convection may develop in a moist environment wittditmnal or potential/convective
instability. Longer lasting severe convection such as icelltor supercell storms tend to develop if
the environment also has a significant vertical shear of thzdntal wind.

In the present lecture note it is shown how the environmesaalcity shear is able to influence the
development of new convective cells in conditions favaedbl deep convection.

The frontpage image shows a Meteosat Second Generation\M&er vapor channel 5 image
from 10 UTC on 25 August 2006. Isolated thunderstorms are asevhite spots in the image over
for example Italy and the Adriatic Sea. In certain weatherditoons a multi-cell system may form.

Deep convection
Ordinary deep convection

In ordinary deep convection, occurring in an environmenhwieak or no vertical shear of the
horizontal wind, the perturbation pressure generated byestdion has weak or no contribution from
interaction of the wind in the environment with the wind geated by convection (the perturbation
wind field). The convective updrafts tend to be vertical. @ngadiabatic cooling to saturation in the
updraft initiates formation of cloud particles (i.e. watkoplets and/or ice crystals). The level where
cloud particles begin to form is called the lifting condeirmalevel (LCL). This level may be above,
identical with or below the level of free convection (LFC).€Tlatter is the level where the lifted air
becomes positively buoyant, i.e. warmer than the surraundir. As the updraft, loaded with cloud
particles, accelerates upward it cools moist adiabayicathile cloud particles grow in size by
supply of condensed water vapor and due to cloud micro-palprocesses. This stage of
convection is called theumulus stagelt is characterized entirely by updraft air. In the nergture
stage cloud particles have become so heavy that their fall spreekels the updraft velocity. The
negatively buoyant cloud particles initiate a downdrafiemature stagés characterized by both
updraft and downdraft air. Evaporation from precipitatpanticles, as they fall through pockets of
unsaturated air above the LCL, and particularly as theytiatlugh the unsaturated air below the
LCL, cools the downdraft air making the downdraft more negdyi buoyant. Without vertical shear
of the wind in the environment the downdraft destroys therafydinderneath it. The stage
characterized entirely by downdraft air is called thesipation stageln the cloud-relative system
the cool downdraft air spreads out uniformly in all direasaas it approaches the surface. It forms a
gust front in the transition zone to the warmer air in the Bnvinent. The forced lifting of air at the
gust front may trigger new cells more or less randomly aldweggust front if the ascent is able to lift
the near-surface air to the LFC of the environment. A celegetdefined as the region of
precipitation associated with the updraft. Since the garxtent and the vertical velocity in an
ordinary cell is of the order of 10 km and m s—!, respectively, the life time of a cell (i.e. from its
cumulus stage to its dissipation stage) is typically betw@&@and 40 minutes. Since the horizontal
scale tends to be of the same order of magnitude as the Vextade the precipitation area in the cell
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is of the orderl 00 km?.

If the environment has a LCL far above the ground the enhanggubeation of precipitation
particles below the cloud base may create vigorous dowtsozatl severe near-surface wind gusts
behind advancing gust fronts.

Deep convection in an environment with vertical wind shear

Convection in an environment characterized by considenadaiycal shear of the horizontal wind
behaves differently from ordinary deep convection. Theeeao significant differences.

One is that the vertical shear of the wind in the environmiiistthe updraft in a cell with respect to
the vertical. A tilt in the inflow down-wind direction preventhe downdratft air from falling into the
updraft air. The spatial separation of the updraft and daafhair in this case creates a potential for
a longer-lived cell.

The other significant difference is that the perturbaticgspure generated by the interaction of the
flow in the environment with the perturbation wind field of el creates favorable regions for
growth of new cells. The latter contributes to organizatbthe convection into a multicell system.
If the environment has substantial convective availabtemital energy (CAPE) and large vertical
wind shear a cell may be transformed into a supercell storm aviife time of several hours.

The perturbation pressure generated byitieractionis given (approximately) by

ou, Ow, ~ Ov. Ow,
PL~ 2pe (aax e ay> @

and .
PNL _pe§Cp227 (2)

where~ means "proportional to". In (%), is the linear and in (2p, is the nonlinear part of the
perturbation pressure. Subscriptandp mean environment and perturbation variables, respegtivel
For convenience, subscripn the perturbation pressure has been omitted. The dervati(1) and
(2), partly following Blustein, 1993, is given in the Apperdi

In (2) the perturbation vorticity,., along the vertical axis is generated by the twisting terrné
vorticity equation, i.e. by

OG- B oue Ow, v, Ow, 3)
ot twist 0z Oy 0z Ox

According to (3) the generation of perturbation vortiajfy is a result of interaction between a
vertically sheared environmental flo@\(, /0z) and the updraft velocity,. Equations (1) and (2)
show that both the linear and nonlinear perturbation pressiassociated with interaction between
updraft and the flow in the environment. A multicell stormtgys consists of a number of celles at
different stages of development. In general the indivicedls move in a direction different form the
storm system and the environmental wiidis measured relative to the moving system instead of
relative to the Earth.

Effect of linear perturbation pressure

In a background (environmental) flow with a unidirectiona¢ar along the x-axis (1) simplifies to
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If the positive x-direction is in the downshear directioe, Du./0z > 0 (Figure 1a), it follows from
(4) thatp,, is positive and negative on the upshear and downshear sttie apdraft, respectively.

As shown in Figure 1a, this means a positive and negativailiperturbation pressure on the left and
right side of the updraft, when looking in the positive yadition. The left part of Figure 1a shows a
horizontal cross section through an idealized circularrsgtnic updraft with maximum numerical
horizontal shear of the updrafitXv,/0z|) along the inner (blue) circle. The right part of the figure
shows the change with height of the background windjn case of a constant vertical shear
(Qu./0z = ¢,). The maximum numerical perturbation shelgn(,/0x|) tends to occur at the level
Zmaz Of Maximum updraft velocity. Since the vertical shearpfs constant in the figure, the
maximum numerical perturbation pressure occurs,at, at the two crosses marked on the inner
(blue) circle. This means, for levels belaw,., that the vertical perturbation pressure gradient
(Opn/0z) is positive on the left and negative on the right side of theraft when looking in the
positive y-direction.The vertical linear perturbation pressure gradient forcayrtherefore trigger
development of new cells on the downshear (right) side angresp growth of new cells on the
upshear (left) side of the updraft

In a way the updraft can be considered as an obstacle in ttegtoamd flow that generates high
pressure on the windward and low pressure on the leewara&ttie obstacle. In the case with

¢, > 0 the wind speed increases with height. This is associatddamiincrease and a decrease with
height of the perturbation pressure on the windward anddegwside, respectively. Accordingly, the
high perturbation pressure on the windward side generatesdence. Likewise, the low
perturbation pressure on the leeward side generates aldhetwind is easterly near the surface
and westerly in the upper troposphere the windward and lekside would change accordingly.
Therefore, ascent and decent occurs on the downshear anelnzsde of the obstacle, respectively.

Influence of temperature advection

In cases with temperature advection in the environmenteinigcal shear of the wind in the
environment can not be unidirectional. In a Northern Heimésp environment with warm and cold
advection the wind is veering (turning anticyclonicallyjdsbacking (turning cyclonically) with
height, respectively. In Figure 1b cases are depicted wyi{the background wind component in the
y-direction) increasing (black in Figure 1b) and decreg¢med in Figure 1b) with height. The red
and blacky.-profiles may represent cases with both warm and cold aawediut if for example:,

Is positive and constant with height, the red and blackrofiles represent warm and cold advection,
respectively.

According to (1) the linear perturbation pressure becomes

v, Ow
~ 20— L
PL P 8z By

(5)

It follows (by using similar arguments as in the discussibRigure 1a) that the perturbation
pressure;, becomes positive and negative on the upshear and downstiearf she updraft,
respectively. In terms of left and right, when looking in fhasitive x-direction, it is necessary to
distinguish between the red and blackprofiles. In cases with a red profilg; becomes positive
and negative on the left and right side of the updratft, retbgadyg, whereas the opposite holds for the
black profile. With conditions as in Figure 1b the maximum ruicel value ofp;, tends to occur at
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Figure 1: Qualitative distribution of linear perturbation pressure in an idealized,lairsymmetric, updratft.
Top, for a unidirectional constant (positive) vertical wind shear atbeg-axis. Middle, for a positive (black)
and negative (red) constant unidirectional vertical shear along &éxésyand bottom, for a wind profile that is
a combination of of the profiles in the middle figure. See text for further expian.
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level z,,..., at the intersection of the inner (blue) circle with the et dashed line (left half of
Figure 1b). A downward directed vertical perturbation ptes gradient force is created belowy,..

on the upshear side of the updraft and a corresponding uplu@cted pressure gradient force is
created on the downshear side of the updraft. The lineanation pressure may therefore trigger
development of new cells on the downshear side and prevealtaggenent of new cells on the
upshear side. With a positive;, constant with heighty, may trigger growth of new cells on the
right flank of the original cell in an environment with warm adtien. In an environment with cold
advectionp;, may trigger growth of new cells on the left flank of the origicell.

A case of particular interest occurs if theprofile is as depicted in Figure 1c. Such.aprofile can
be obtained in an environment with warm advection and a gt equivalent barotropic
component of the thermal wind, givingia-profile like the one in Figure 1a. If the-profile in
Figure 1c represents conditions in the environment bel@enwatvel z,,.,. of maximum updraft
velocity, the linear perturbation pressure is zero at thelle,, of maximumu,, located below,,,,..
Below z,, p;, is negative and positive on the left and right flank of the aftdrespectively (when
looking in the positive x-direction). Above, the opposite is the casg;, is positive and negative on
the left and right flank of the updraft, respectively. A cake the one depicted in Figure 1c
combined with a.-profile as in Figure 1a therefore may have a potential fgdavertical gradients
of the linear perturbation pressure, meaning a higher fibtyaof generating organized severe
convection (multicell storms), than cases withprofiles as in Figure 1b.

A majority of multicell storms are observed in an environtn&ith warm advection. In cold
advection the amount of CAPE in the environment usually &tretly small. The conditions for
development of organized severe convection is therefarallydess favorable in cold advection.

It is left as an exercise to discuss the linear perturbatresgure connected with downdrafts.

Effect of nonlinear perturbation pressure

The nonlinear perturbation pressurg;, is given approximately by (24). The vertical component of
the perturbation vorticitf,, is likely to give a significant contribution tey;, in an environment with

a strong vertical shear of the horizontal wind, since germ@raf ¢,. involves interaction between
the flow in the environment and the vertical perturbatioroeiy w,. The interaction takes place
through the twisting or tilting term in the vorticity equati for ¢,.. The contribution from the
twisting term to the rate of change with time@f is given by (26). The vorticity in the environment
is by definition

5 [ Ow, B 0v, P ou, B ow, i v, B ou, X
“ \ oy 0z 0z ox J ox dy

OVe»  OUp ~ ov., Oue\ -

T2 82‘7+<8x_8y>k’ ()
where the last equality follows from the approximatiorn= w,, based on the observation that
|we| << |w,| in an environmrnt with deep convection. Equation (3) camefoge be written

0Cp- ow, ow,
= Cey ex o s 7
<0t >twm oy o )
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(& (b)

Figure 2: Qualitative distribution of non-linear perturbation pressure, created isyimg of perturbation
vorticity in the vertical plane by the environmental wind in an idealized, circayfarmetric, updraft. Left (a),
for a constant (positive) unidirectional vertical shear along the x-anibsright (b), for a constant (negative)
unidirectional vertical shear along the y-axis. See text for furthelaagpion.

showing more clearly how horizontal vorticity in the enviroent interacts with the vertical
perturbation velocity to create perturbation vorticitprag the vertical axis. Generation Qf by
twisting off6 in the vertical plane by, is shown schematically in Figure 2. Figure 2a illustrates
twisting of ¢.,,, the component of horizontal vorticity in the environmelarg the y-axis, due to
variation ofw, in the same direction. Similarly, Figure 2b shows twistiigg, the component of
environmental vorticity along the x-axis, due to variat@noy, in the same direction. According to
(7) the rule in a region of updraft is thpositive (cyclonic) and negative (anticyclon) is
generated on the right and left flank of the updraft when logkiownsheari.e. in Figure 2a in the
positive x-direction and in Figure 2b in the negative y-diren. Equivalently, the rule can be
formulated as followsvhen looking in the direction perpendicular and to the rightree horizontal
vorticity vector in the environment, cyclonic and antieyat ¢, is generated on the right and left
flank of the updraft, respectively

Close to a level ground or water surface bethandV ,w, are small, implying no or weak
generation of,. and no or weakly negative nonlinear perturbation pressuyre SinceV ,w, tends

to increase with increasing updraft velocity, generatibg,otends to increase with height and
according to (2) the associatgg; tends to become more negative with height. If the verticabsh
of the the environmental velocity is constant (as in Figyrg 2| tends to have a maximum apg |,
the largest negative value at the lewgl,, of maximum updraft velocity. For environmental vorticity
aligned with the y-axispy, tends to become a (negative) minimum af)d| a maximum at the
intersections of the inner (blue) circle and the verticaldal line in the idealized case shown in
Figure la. Likewise, for environmental vorticity alignedwthe x-axis the extreme values of
and|¢,.| tend to occur at the intersections of the blue circle withitbgzontal dashed line.

Due to the negative nonlinear perturbation pressure astgacwith perturbation vorticity along the
vertical axis, air is accelerated upward by a negative, /0z below z,,,, on both the right and left
side of the updraft (when looking downshear or equivalemtlyhe direction perpendicular and to
the right of the horizontal vorticity vector in the enviroent). Conditions may become favorable for
development of new cells on both sides of the original celisTprocess is callestorm splittingand
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has been observed in North America and documented by Burt@s4, Note that the growing cells
are rotating, anticyclonically to the left and cyclonigatib the right relative to the downshear
direction (Figure 2). The rotating updrafts are called nogstones. They are typical for supercell
storms. Like multicell storms, super-cell storms usuadblgni in an environment characterized by
warm advection. Since the linear perturbation pressumstemsuppress growth of new cells on the
downshear left side of updrafts, new cells tends only to ldgven the downshear right side of
updrafts. For this reason mainly, supercell storms arenafbserved to propagate to the right of the
direction of movement of individual cells. This relativadgmmon type of storms (including
multicell storms) are calledght movingstorms oright moverg(see for example Browning, 1964).

It is again left as an exercise to discuss jphe pattern due to downdrafts.

A multicell storm case over Northern Germany

Most cases of organized severe convection, documented iit¢hature, are from the United States.
However, it does not mean that this type of convection is omoon in other parts of the World. In
Europe, for example, organized severe convection occery gear with a maximum frequency in
the late Spring to early Autumn period. Multicell storms iarBpa may form as far north as in
Finland.

In this section a case study of a multicell storm developmgat the southeast North Sea and
Northern Germany will be briefly presented. The event toakelin the morning on 9 June 2004.
The synoptic-scale conditions are shown in Figure 3. Shovthe upper row of this figure is water
vapor images (channel 6) from the first Meteosat Second @gori(MSG) geostationary satellite at
00 UTC (left) and 06 UTC (right). The images show an eastwanding large-scale ridge over
Western Europe. This large-scale wave is also shown by the field at 300 hPa (Figure 3, lower
left) and in the 300 hPa relative vorticity (Figure 3, lowgght). On the MSG images there is
indication of a superposed southeast-ward moving shovewaugh downstream of the large-scale
ridge. At 06 UTC the short-wave perturbation has formed a/enigloud edge towards drier air over
the southwestern Sweden and the Baltic proper (Figure 3rujgte). In the relative vorticity

pattern (Figure 3, lower right) the short-wave trough casden as a comma-shaped band of
positive (cyclonic) relative vorticity from Jutland to tiseutheastern North Sea. Downstream of the
short-wave trough positive relative vorticity advecticgcbming more cyclonic with height tends to
force upward motion over Northern Germany. Figure 4 (bojtshows that the same region has
warm advection (shown by the veering with height of the fmmtal wind) in the lower troposphere,
which also tend to force upward motion. In addition frontatglation forces upward motion on the
warm side of the frontal zone shown in Figure 4 (top). In theelaigure the frontal zone (in terms
of equivalent potential temperatur )) is seen to slope towards the colder and drier air mass to the
left (marked with grey colors in the figure). At 06 UTC the swd front in the cross section is
located near 54 N, 8 E (see also Figure 4, bottom). Presemuaeftial instability on the warm side
of the front is indicated by a low-level maximum ép.
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Figure 3: Top: Meteosat second generation water vapor channel 6 images a®(&ft) and 06 UTC
(right) on 9 June 2004. Bottom: Analyzed wind velocity at 300 hPa with calalesinm s—! (left) and
analyzed relative vorticity at 300 hPa with color scale (grey for anticycland green to yellow for cyclonic
vorticity) in units 10~° s~! (right) at 06 UTC on 9 June 2004.
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Figure 4: Top: Vertical cross section, approximately perpendicular to the warm éneer Northern
Germany, showing wind speed normal to the cross sectiansn' (dashed blue curves) and equivalent
potential temperature with color scale in K. Bottom: Wind at 925 hPa (red Janisat 700 hPa (black barbs)
with color scale inm s~ for wind at 700 hPa. Analysis time: 6 UTC on 9 June 2004.
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Figure5: Sounding from Bergen at position 52.81 N, 9.93 E (Northern Germar@s &ffC on 9 June 2004.
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Figure 6: Subjective analysis of mean sea level pressure (interval 1 hPa) atO®k 9 June 2004.

The sounding in Figure 5 is believed to be representativéhmrelatively warm and moist air mass
(marked by green, yellow and red colors in Figure 4). The douynhas a potential unstable layer
above 780 hPa. The shallow, stably stratified layer at thiaceiis likely to be a nocturnal surface
inversion or cool air originating from nearby downdrafthelsounding indicates that the air at the
top of the surface inversion is conditionally unstable vatlifting condensation level (LCL) around
900 hPa, a level of free convection (LFC) near 800 hPa and ahlegum level (EL) near the
tropopause at approximately 220 hPa. The EL (for an undilptacel ascent) is the level above LFC
where the temperature in the ascending parcel becomesteghalsounding temperature. The
convective available potential energy (CAPE) for the nemfage air is proportional to the positive
area between the temperature curve for the ascending [fabmele LFC approximately a pseudo
adiabat, sincé, is approximately conserved) and the temperature curveecgdlinding. The
sounding shows a moderately high value of CAPE for air on tap@surface inversion.
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Figure 7: Satellite Terra image, channel 1,4,3, 10.50 UTC on 9 June 2004. CounesieP Satellite
Receiving Station (www.sat.dundee.ac.uk]
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The variation with hight of the horizontal wind in the enviraent is shown to the right in Figure 5.
Note that there is warm advection throughout the troposglsénce the wind veers with hight from
the surface to the tropopause.

Imagine that the positive x-axis points towards southégstn the wind profile..(z) along the
X-axis becomes comparable to theprofile in Figure 1 and 2 and the wind-profitg(z) along the
y-axis becomes comparable to theprofile in Figure 1, bottom. This indicates that conditidos
development of right moving multicell storms are presentiistream of the upper level short-wave
trough, particularly in the region with forced ascent dugveosm front circulation, differential
relative vorticity advection becoming more cyclonic witkigght and warm advection. The
moderately high CAPE and strong vertical shear (approxipate10—3 s~!) in the sounding at

05 UTC(Figure 5) does not exclude the possibility for develept of right moving supercell storms.
Numerous reports of severe weather (heavy rain, severg gusis and abundant lightening) along
the track of the upper-tropospheric short-wave troughtehig to the authors knowledge no reports
of mesocyclones (cyclonically rotating updrafts) haverbgeen. The latter might indicate (but does
not prove) that no supercell storms formed during the omghsevere convection event in the
morning on June 9 2004. The severity and organized natuteeadent is also indicated by the
mean sea level pressure (mslp) analysis in Figure 6. Aaegidi this figure at least one squall line
has formed over Northern Germany at 06 UTC. Note the abrupimisslp behind the squall line.
Figure 7 shows that the convective system by 10.50 UTC hagdwseutheastward to the boarder
between Germany and Poland. At this time the system appacaviers an area comparable in size
with Jutland.

Appendix: The background and perturbation states

Due to the high Rossby numbek4) in severe convection the frictionless momentum equatadial v
for this situation can be approximated by

1 -
Dt —;Vp—gk‘. 8)

Note that the Coriolis acceleration has been omitted in {83esit is one order of magnitude smaller
than the acceleration on the left hand side (lhs), where peeator
D/Dt=0/ot+V -V =0/0t+u-0/0x+v-0/0y+w-0/0z.

In (8) V =ui+ vj + wk is the velocity (measured relative to a storm system moviitly @onstant
velocity), Vp = 0p/0zi + 0p/dyj + Op/0zk is the pressure gradientjs density and; is gravity
(treated as constant). The unit vect@rg andk point along the three orthogonal directions in space.

Convection can be considered as a perturbation to a backdjaenvironmental state. For
convenience the background state is defined such that itizombally homogeneous and time
independent. Furthermore, the background is in hydredtafiance. This means that the background
state has/, = u.(2)i + ve(2)] 4+ we(z)k and the thermodynamic variables z), p.(z) andT}(z) for

the environmental state are related by the hydrostaticteoua

Ipe
5, = 9P 9)

and the equation of state for an ideal gas
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DPe

T.= 2=,
Rp.

(10)

The perturbed (convective) part ¢ of the state has

V Upi 4 V,] —I—wpk = (u—u)i+ (v—1v.)] + (w—we)k, Pp =P — De, Pp = P — pe @Nd

T T — T,, where all the perturbation variables (denoted by subspjipre functions of x, y, z
and t (time).

Since the vertical velocityy,, in the environment is small (order o6~ m s~') andw, is of order
10 ms~! it can be assumed (for simplicity) that = 0.

Sincel|p,/p.| ~ |1,/T.| << 1, equation (8) can be approximated further to

DV

1 =
—_ = —— Bk 11
Dt peva+ ) (11)

whereB = —p,/p.g is the buoyancy of the perturbed air. Taking the 3-dimeraidivergenceY-)
of (11) yields

DV . OB
Vg, =7V (pe” V) + 25 (12)
It is left as an exercise to show that
DV _ D 1. . ==

IN(13) VV = du/dxzi + dv/dyj + Ow/dzk is the gradient of the velocity antt €and( - ¢ are the
square magnitudes of the deformation veétand the vorticity vectoc, respectively. The
deformation vector, is defined as

L TR N LA L
8y 9z @ ‘9z ' Oz ox | By

Eal}

€=

(14)

and the vorticity vectorcf, is defined as

- ow OJv.- ,Ou Ow. - v  Ou. -
_(63; OZ)JF(@—%)JﬂL(%—@)k (15)

Substitution of (13 ) into (12 ), rearrangement of terms atiltzing the mass continuity equation to
replaceV - V with —p~'Dp/Dt leads to

D (Dlnp A (ea  Omp.dp\ ~_1ﬁ4_~~ j
o0 (T ) o (o= Op e ) = 0 W - e E 0+ SE ae)
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A scale analysis indicates that the terms on the Ihs of (18jadoingln p (or In p.) tends to be an
order of magnitude smaller than the other terms in the eguakor further qualitative discussions
(16) can therefore be simplified to

S S 1, . =
pe—1v2pp=—vv;,vvp—§(e-e—<-§)+—. (17)

This is a diagnostic equation for the perturbation presgprehowing how it responds to the forcing
terms on the right hand side (rhs). The forcing terms arevéntcal gradient of the buoyancy and
terms proportional to the square magnitudes of the defeomatelative vorticity and velocity
gradient vectors.

By definitioné = ¢, + ¢, and¢ = ¢, + ¢,. Hence,

_ 0B - -
Pe 1V2pp = % - VV;YD : V‘/p

_;(ge.e;—Q-@Jrz(e;-e;—CZ-C;H(E;-EZ—C;'C;))’ (18)

Sincee; - €, — g:; . g; =0ande; - €, — C:: . C:, = 28‘76/& -V, w,, (18) can be rewritten as

0B - = OV 1. . = =
V2pp = Pe (az - v‘/p : v‘/;? - 2@ : vzwp - 5(617 “€p — (P ’ Cp)) : (19)

The second, third and fourth term on the rhs of (19) is caledfluid extension’, the ’linear’ and
the 'shear’ term, respectively. The 'fluid extension’ anlag€ar’ terms are nonlinear, whereas the
other two terms (’linear’ and 'vertical gradient of buoysghare linear.

SinceV? is linear the perturbation pressure is the sum of contidmstirom each of the forcing
terms on the rhs of (19). If the contributions from the buayaand linear and nonlinear forcing
terms are denotedg, p;, andpy 1, respectively (for convenience, the subscyipias been omitted)
the linearity ofV? yields

v,
VpL —zpea.vzwp, (20)
- I
Vi = pe (<Y V- 566 - G- G)) 1)
and 9B
VQPB = Peai- (22)
z

The Laplacian of a wellbehaved variable is roughly propoai to minus the variable itself. Hence,
for qualitative discussions it is practical to utilize theplified (proportional to) equations
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ov.
pL ~ 2pe§ : vzwpa (23)
— — 1 . o — —
PNL ™ Pe (vvp : va + 5(617 c€p — Cp : <p>) ) (24)
0B
PB ~ —pe— (25)
Z

Equation (25) shows thatsz tends to be positive and negative above and below a maximum in
buoyancy, respectively. This generates a vertical peatiob pressure gradient in opposite direction
of buoyancy. In other words, the vertical perturbation poes gradient associated with buoyancy
acts to reduce the acceleration due to buoyancy.

According to (24) the *fluid extension’ terrrpé(VVp . VVP) and the deformation part of the 'shear’
term (1/2p.€, - €,) tends to be associated with a positive perturbation pregsy,, whereas the
relative vorticity perturbation part of the 'shear’ term(/2C, - ¢,) tends to be associated with a
negative perturbation pressyrg;..

Twisting of relative perturbation vorticity by the pertation flow generally generates perturbation
vorticity along all space directions. Twisting of enviroantal vorticity by the perturbation flow can
generate perturbation vorticity along the vertical axh::efe = —0v, /67:5 + Ou, /azj and the
generation of vertical perturbation vorticity,. = k - ¢, = dv,/dx — du,/dy, is

9. - OV, _ Ou.Ow, v, dw,
ot twist_k 5z Vawy = 0z 0y Oz Oz’

(26)

As described in previous sections the perturbation presgemerated by interaction between the
environmental rowKZ) and the perturbation flow (primarily,) associated with convection may
have an important influence on how the convection evolvds tivite. The influence is primarily
through the linear perturbation pressutgfrom (23) and the nonlinear perturbation presstxg
from (26) and (24).

Theoretical work on organized, severe convection can bedaufor example Rotunno, 1981,
Rotunno and Klemp, 1982a; Rotunno and Klemp, 1982b and Roturaig £988.

Numerical simulation of organized severe convection aesgmted in for example Weisman and
Klemp, 1982; Wilhelmson and Chen, 1982 and Weismann and Kl&8t.
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