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620 ATMOSPHERIC VORTICES -R. PIELKE ET AL.

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 (ui),

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

is a form of the flux Richardson number. RJ < 0 corresponds to the situation where
buoyancy produces turbulence, while RJ > 0 represents the case where buoyancy
suppresses the turbulence created by shear of the mean velocity. When RJ > 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 obvious 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 (ill) 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.
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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 -~ < 0, where U
is the large-scale zonal wind and f = 211 sin <;/>. The independent ~iable 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

of 02U
BY --aiJi :$: o.

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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628 ATMOSPHERIC VORTICES -R. PIELKE ET AL.

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, 0, surface to change sign on a different 0 surface, i.e.,

and
BPV

I-<0
By 8+~8

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-levellow 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



o~ asap ua~Jo s! pu~ 'JaJ{~aM qJnUI s! f.~!J!~JOA re!X'R 'aJOJ aq~ ap!s~no "pa~nq!J~s!P
f.JUIJoJ!un-UOu aq f.~UI ~! q~noq~re 'aJOJ aq~ U! a~~JaA~ Uo a~J~I S! s!X'R Xa~JOA aq~

O~ IaIreJ~d f.~!J!~JOA JO ~uaUOdUIOJ aq~ '[(£"1"1) aas] UIaJOall~ ,saJ{o~s f.a 'Ja~aUI~!p
U! aJ~aUIoI!J{ ~ s~ llJnUI s~ o~ SaJ~aUI Jo sua~ MaJ ~ UIOJJ sa~u~J f.IreJ!df.~ 'SJnJJO

~uaUOdUIOJ PU!M rell~nUI!Z'e UInUI!X'RUI all~ llJ!l{M ~~ sn!p~J all~ pu~ s!X'R all~ uaaM~aq
uo!~aJ all~ s~ pauyap 'Xa~JOA all~ Jo aJOJ all.L "f.~!XaldUIoJ U! f.lq~Jap!suoJ a~u~J U~J
UIall~ U!l{~!M MOY all~ pu~ 'saz!s pu~ sad~lls Jo f.~a!J~A ~ U! JnJJO saop~uJ°.L

'("S"1} all~ U! saop~uJo~ ~U~JY!U~!S
Jo ~U!~SII aA!suaqaJdUIOJ ~ JoJ (0661) sIInZ'eJD aas) f.Irenuu~ aJII Jo ssoI pu~ 'f.Jn[
-U! 'uo!~JnJ~sap alq~Jap!suoJ asn~J f.all~ aJallM 'punoJ~ all~ o~ pua~xa Op~UJO~ ~ Jo
SPU!M ~UOJ~S all.L "naM s~ ppOM all~ Jo s~J~d Jaq~o f.U~UI U! pu~ suos~as Ire U! paAJaS
-qo uaaq aA~q ~nq '~u!Jds f.p~a pu~ Ja~U!M a~~I U! sa~~~s JrnD all~ U! pu-e 'JaUIUInS
f.p~a pu~ ~u!Jds U! sa~~~s pa~!u1} UJa~SaM-P!UI all~ U! UOUIUIOJ ~SOUI aJ'P. f.all.L

"(1"6"vl aJn~!d) SUIJO~SJapunll~ ll~!M pa~~!JOSS~ f.IreUIJOU saJ!~JOA
asua~u! aJ~ 'aJaqdsoUI~~ all~ U! punoJ SUIJO~SPU!M Jo ~ualo!A ~SOUI all~ 'saop~uJ°.L

saop"RU.IO~ 6. AIX

°a~u'ell ~UO~ oP'eloI°:) aq~ Jo U!'ella~ xaIdmo:> aq~ U!

MOYI!'e O~ anp ~J:USal ~'eq~ Sa:>!~IOl\. q:>ns ssn:>sw (0661) ore ~a J{001:) °.L.!! o~ pa~'eIal
S'e n-eM'eH Jo pu'eIS! aq~ q~!M pa~'e!:>oss'e MOY Jo UO!~'ela~re aq~ aq!l:>sap (8861) ore ~a

z:>!Ma!J{I'eIoms °UO!~'elaua~ Xa~IOl\. Jo adli.~ s!t{~ sassn:>s!p (£L61) 'eldoq:) °UO!~'eJ:U:>I!:>
Jo adli.~ S!q~ Jo UO!~'eal:> aq~ a~omold (1 » .L.!!) .L.!! Jo sanrel\. n-ems O~! ~s'ed sal\.om

MOY s-e ap'e~sqo u!'ella~ aq~ li.q paqs aq ruM Sa:>!~IOl\. are:>Sosam ~OU 10 laq~aqM

a~'em!~Sa O~ pasn S! (ap'e~sqo aq~ JO ~q~!aq aq~ S! H PU'e 'li.:>UanbaIJ ~rnS~A ~unlH
aq~ S! N 'li.~!:>°Ial\. m'eal~sdn aq~ S! 11 alaqM H N / 11 = .L.!!) J.aqwnu apnO.l..!f aq~ S'e

pauyap li.~!~u'enb V °UO!~'e:>Y!~'eI~S :>!laqdsom~'e aIq'e~s 'e li.q pa~!q!qU! S! ap'e~sqo aq~

lal\.O ~ua:>s'e re:>!~lal\. uaqM Sa:>!~IOl\. a~'elaUa~ U'e:> MOY aq~ O~ ~uam!padm! U'e mall

~U!~J:Usal l'eaqs li.~!:>°Ial\. re~UOZ!loq aqJ, °su!'e~unom pU'l! sPU'eIS! S'e q:>ns sap'e~sqo

u!'ella~'sass'ed MOY S'e pa~'elaua~ Ogre al'e li.~!:>!~10l\. re:>!~lal\. li.I~U'I!u!Ul°pald JO sa:>!~IOA

PU!.M I'R1UOZ!.I°H aq1 JO .I'Raqs I'R1UOZ!.I°H

Aq pa1'R.IauaD sa~!1.I0 A aI'R~SOSaw 88 AIX

'(£661 l{:>S1,!Jd pU'e 8u!'!!1) sU'ea:>o WJ'eM

.laAO aAOW Aal{1, Ual{M SaUOpA:> re:>!do.l1, 01,U! dO{aAap 01, paA.lasqo uaaq aA'el{ sa:>!1,

-.lOA asal{J. 's.lnol{ AU'eW .l°J 1,s!s.lad A'eW UO!1,'eyn:>.I!:> :>!U°{:>A:> al{1, 'pa1,'ed!ss!p aA'el{

SpnO{:> al{1, .la1,J'e A.la8'ew! a1,!]1a1,'es WO.lJ a{q'eY!1,Uap! aq .la8uo{ OU A'eW X31,.lOA al{1,

l{8nol{1,IV 's.ln:>:>o AueUO!S'e:>:>O l{:>!l{M Xa1,.lOA al{1, U!l{1,!M SdO{aAap UO!1,:>aAUO:> MaU

SSa{Un 'l{ ~1 U'el{1, SSa{ Aue:>!dA1, a.l'e A.la8'ew! a1,!]1a1,'es UO sa:>!1,.lOA asal{1, JO SUO!1,'e.lna

.(0661 UO1,1,o:)) saxaldULo:> aa~1:>aauo:> alv:>sosaUL S'e 01, pa.l.laJa.l a.l'e sana .la8.1'e{ al{1,

6'(;9

S~DIJ,'HO/I. mn'!.!!



pu-e 

'UIn~UaUIOUI re~UOZ!JOl{ JO s~ua!p'eJ~ re~UOZ!JOl{ UIOJJ s~lnsaJ I..~!J!~JOA reJ!~JaA

~UIJO~S al{~ ap!S~nO UIn~UaUIOUI ~Ua!qUI'e al{~ UIOJJ SJa.lJ!p ~! aJal{M UIJO~S al{~ JO slaAal
Jaddn pu'e alPp!U1 o~ UIn~UaUIOUI re~UOZ!JOl{ laAal-Mol s~Jodsu'eJ~ UO!~OUI pJ'eMdn

'l..l~uareA!nba .(tS61 'saUOr-Sa!A'eQ ~~S61 I..n!'!) adols saun al{~ aJal{M ~UaUOdUIOJ
I..~!J!~JOA reJ!~JaA 'e U! ~u!~lnsaJ 'pJ'eMdn saUn Xa~JOA al{~ JO uo!~Jod 'e s~Jodsu'eJ~

UIJO~S al{~ U! UO!~OUI aA!~JaAUOJ pJ'eMd fi 'aJal{dSOUI~'e al{~ JO UIJI ~ JO 1 ~saMol al{~

'~s'eal ~'e 'U! s~s!Xa (pU!M re~UOZ!Jol{ al{~Jo J'eal{s reJ!~JaA al{~ "a'!) I..~!J!~JOA re~UOZ!Jol{

alq'eJap!suoJ '~UaUIUOJ!AUa UIJo~s-aJd al{~ uI '~! UIOJJ s~{tlsaJ ~nq 'UO!~JaAUOJ apaJaJd
~OU saop I..~!J!~JOA reJ!~JaA 'aJaH '(6l61 naMsoQ pu'e uoUIa'! '"~"a) I..'eM pa~'eJndUIOJaJOUI 

'e U! dn ~as aq o~ sJ'eadd'e saop'euJo~ ~UOJ~S ~SOUI JoJ ~UaUIUOJ!AUa reJOl al{.L

"UIS!u'el{JaUI J'el!UI!S 'e I..q dolaAap ua~Jo l..'eUI pu'e '(SS61 're ~a UOSdUI!S) saun

aJUa~JaAUOJ ~uore dolaAap I..luoUIUIOJ o~ paAJasqo uaaq s'el{ 'Ja~'eM JaAO ~u!U1JoJ

~nq op'eUJO~ 'e o~ J'el!U1!S Xa~JOA 'e '~nodSJa~'eM al{.L 'uO!~JaAUOJ aJn~'eUI o~ Jo!Jd

pa~s!Xa I..l~uaJ'edd'e saun Xa~JOA Jo Uo!~'e~ua!Jo reJ!~JaA al{~ al!l{M 'naJ aA!~JaAUOJ al{~
l{~'eauaq aJUa~JaAUOJ re~UOZ!Jol{ S'eM aJal{ aJUa~JaAUOJ ann Xa~JOA JoJ Sn~adUI! JOf'eUIal{.L 

'pa~{tlsaJ op'eUJO~ 'e pu'e 'pa~'eJ~uaJuoJ aJOUI aUIOJaq o~ (saun Xa~JOA reJ!~JaA)

I..~!J!~JOA reJ!~JaA ~u!~s!Xa-aJd al{~ JoJ I..l~ua!JYJns pa~s!sJad aJUa~JaAUOJ 'l..ll'en~uaAa

'I..JndUI'e o~ panu!~uoJ ssaJoJd al{~ pu-e 'pay!sua~u! as!MaJIn S'eM I..J'epunoq al{~ ~Uore

aJUa~JaAUOO .Ja~s'eJ as!J pu'e ~u'el..onq aJOUI aUIOJaq o~ ~! ~u!sn'eJ 'J!'e ~u!puaJs'e al{~

paUIJ'eM ~'eal{ ~ua~'el Jo as'ealaJ pa~'e!Joss'e al{.L 'uo!~'esuapuoJ asn'eJ o~ ~Jore Jodu

Ja~'eM ~ua!JYJns pa!JJ'eJ aJUa~JaAUOJ al{~ UIOJJ ~u!~{tlsaJ UO!~OUI pJ'eMdfi 'I..~!J!~JOA

reJ!~JaA pu'e aJUa~JaAUOJ re~UOZ!Jol{ l{~oq Jo uo!~aJ 'e S'eM I..J'epunoq ~U!p!A!P al{~

~'el{~ l{Jns 'SJO~JaA 1..~!JOlaA re~UOZ!Jol{ U'eaUI J'el!U1!ss!P p'el{ sass'eUI J!'e OM~ al{.L

'sass'eUI J!'e ~JU!~S!P OM~ uaaM~aq I..J'epunoq 'e ~uore paUIJoJ l{J!l{M oP'eJOlOO uJa~s'ea

U! op'eUJO~ JI'eaM I..P!'eJ 'e pa~JodaJ (~661) 're ~a JI'eZJUM. 'Molaq Jauu'eUI payndUI!S

'e U! paq!JJsap aJ'e uo!~ua~~'e aUlaS paA!aJaJ aA'el{ l{J!l{M saldUI'exa OM.L 'as'eJ o~

as'eJ UIOJJ I..lap!M I..J'eA I..lq'eqoJd pU'e 'u!'e~JaJ ssal aJ'e suo!~sanb asal{~ o~ SJaMSU'e

as!JaJd ;,saun Xa~JOA al{~ sa~'eJ~uaJUOJ l{J!l{M pal{snq'e~sa Play MOY J!~'eUIaU!JI al{~
S! MOl{ (~) pu'e 'ap!M SJa~aUI'e!p aJOJ MaJ 'e ~s'eal ~'e uo!~aJ 'e JaAO aJ'eld ~SJY al{~ U!

palqUIass'e saun Xa~JOA aJ'e MOl{ (1) :O~ sa~'elsu'eJ~ SUIJOJ op'eUJO~ 'e MOl{ JO uo!~sanb

al{~ 's!saua~op'euJO~ U! ssaJoJd reuy al{~ S! aJUa~JaAUOJ ann Xa~JOA ~'el{~ uaA!D

'sas'eaJJap l{~~ual
l{~'ed al{~ S'e as'eaJJu! ~snUI 1..~!JolaA al{~ '(6'1'1) UO!~'e{tlJJ!J Jo Uo!~!uyap al{~ I..g

'aJUaJaJUInJJ!J pu'e sn!p'eJ S~! saJnpaJ pu'e pJ'eMU! ~U!J al{~ S~JaAp'e s!X'e Xa~JOA al{~
pJ'eMO~ P~Y Jo aJUa~JaAUOJ S'e ~U'e~SUOJ u!'eUIaJ n!M J '(f:1'~'1) UIaJOal{.L s,u!Ala}l

I..g 'xa~JOA 'e Jo ll'eM aJOJ al{~ l{~!M ~u!p!JU!OJ ~U!J re!Ja~'eUI 'e punoJ'e J UO!~'e{tlJ

-J!J al{~ ~u!Jap!suoJ I..q pa~'eJ~snn! aq l..'eUI s!l{.L 'naM S'e 1..~!JolaA reUO!~'e~OJ as'eaJJ

-U! o~ Ogre ~nq 'I..~!J!~JOA as'eaJJu! o~ 1..{U0 ~OU S~J'e saun Xa~JOA Jo aJUa~JaAUOO

'SPU!M ~Ua~JaAUOJ-I..ll'e~uOZ!Jol{ I..q s!X'e op'eUJO~ al{~ pJ'eMO~ pa~Jodsu'eJ~ 1..ll'e!Ja~'eUI
alaMo PU'e '~u!J'eds re~UOZ!Jol{ Jap!M pu'e ~U~ reJ!~JaA l{~!M pa~s!Xa-aJd saun Xa~JOA

asol{~ ~'el{~ aJUap!Aa aq o~ uo!~'eJn~yuoJ 'e l{Jns san~J'e aH .Jal..'el UO!~J!JJ aJ'e]Jns al{~

~u!l{J'eaJ uodn SJa~aUI'e!p aJOJ reJaAaS Jo saJu'e~s!P o~ suo!~JaJ!p ll'e U! pJ'eM~no 1..ll'e!P

-'eJ p'eaJds pu'e aJOJ Xa~JOA al{~ l{~noJl{~ 1..ll'e!X'e pa~ua!Jo aJ'e l{J!l{M sl{~'ed aJ'eJ~ saun

lC9

S30I.L'lfOA am'!.!!



-a.I ~ s~ .In:>:>o u~:> UO!~~:>y!sua~u! ~~~~ Ma!A a~~ ~.Ioddns Suo!~~lnUI!s lapow ..IaA~l
Moy~no :>!.I~aUIUIAS~ Al~UO.I~S ~ pu~ spu~qure.I re.I!ds ~u!pnpu! '.IaAaMO~ 'pa:>npo.Id
-a.I a.IaM SaUOpA:> re:>!do.I~ Jo sa.In~~aJ paA.Iasqo a~~ JO AU~W .UO!~:>aAUO:> snlnUIn:>
daap ~~!M pa~~!:>OSS~ s:>!SA~d a~~ sayndUI!S Al~u~:>y!U~!S ~:>!~M ~:>~o.Idd~ u~ ~a.Insop
UO!~~z!.Ia~aUI~.I'P.d snlnUIn:> Jo asn ap~UI n!~S Aa~~ ~nq '(vL61 .In~~~w ~vL61 ~Aal:ll.L
pU~ ~.I~~!.In)I) padolaAap a.IaM slapoUI uo!~~nba aA!~!UI!.Id reUO!SUaUI!p-aa.I~.L

.u~a:>o a~~ UIO.IJ Alddns ~~a~ ~ua~~l pU'e
alq!suas pa~~la.I a~~ pu~ a.In~~.IadUIa~ a:>~J.Ins ~as ~~!~ ~ Jo a:>U~~.IOdUI! a~~ pa~~:>
-!PU! s~uaUI!.Iadx:3: .A~:>ap pU~ 'A~!.In~~UI '~~MO.I~ JO apA:> aJn ~ pa~!q!l{xa aUOpA:>
re:>!do.I~ pa~~lnUI!s a~.L .aUIa~:>S UO!~~Z!.Ia~aUI~.I~d snlnUIn:> ~ Aq pa~uasa.Ida.I a.IaM
~nq 'paAlosa.I Al~!:>ndxa ~OU a.IaM spnop aA!~:>aAUO:> U! ~U!~~a~ ~ua~~l Jo s~:>a'ya a~~
pu~ :>!.I~aUIUIAS!X'e a.IaM Aa~.L .(~861 '6961 ~UI~AOO) slapoUI pa:>u~req s~ paq!.I:>sap
a.I~ pu~ suo!~~nba Jo ~as payndUI!S ~ Jo asn ap~UI auopA:> re:>!do.I~ a~~ a~~ynUI!S Aue:>
-!.IaUInU o~ s~dUIa~~~ Al.I~:3: 1°0~ ~u!~s~:>a.I°J ~ s~ Alau!~no.I pasn a.I~ pu~ sauopA:> re:>
-!do.I~ Jo ~U!pu~~s.Iapun .Ino o~ Al~u~:>y!U~!S pa~nq!.I~uo:> aA~~ slapoUI re:>!.IaUInN

'paUI.I°J
ueMaAa .Ia~no a~~ a.I°Jaq u~~~ UI.I°J!Un a.IOUI pu~ JaJ{~aM S! ~~~~ arno.Id PU!M re!p~.I
~ o~ ~u!p~al pu~ as!.I o~ a.Inssa.Id re.I~ua:> a~~ ~u!sn~:> 'ueMaAa .Iauu! a~~ Jo UO!~~l
-n:>.I!:> as.IaASU~J~ a~~ ~dn.Is!p s~:>a'ya OM~ asa~.L .ueMaAa .Iauu! a~~ .IaAO a:>uap!sqns
~UO.I~S sa:>npu! 's~:>~.I~uo:> pu~ say!sua~u! ~! s~ 'ueMaAa .Ia~no a~~ asn~:>aq 'Al~u~~
-.IOdUI! a.IOUI 'pu~ .Ia~ua:> Xa~JOA a~~ O~U! .Ire pa~~.In~~s Jo MOY a~~ o~ .Ia!.I.I~q ~ s~
~:>~ A~UI ueMaAa .Ia~no a~~ asn~:>aq S.In:>:>o ~u!uaJ{~aM. .UO!~:>~.I~uo:> ~U!.I-aA!~:>aAuo:>
ureldxa u~:> UIn~uaUIOUI .IO ~~a~ papp~ o~ asuodsa.I Xa~.IOA pa:>u~req Jo lapoUI aldUI!s
~ ~~~~ paMo~s (~861) Aq~~nOn!M. pu~ o.I!d~~S 'A~!SUa~u! UI.IO~S U! as~a.I:>ap ~ ~~!M
sap!:>u!o:> ueMaAa .Iauu! a~~Jo ~uaUIa:>~lda.I ~:>!~M U! UO!~~UI.I°JSU~.I~ ~ o~.Iapun SaUI!~
-aUlaS sueMaAa :>!.I~ua:>uo:> ~~!M sauopA:> re:>!do.IJ, .S'l1vmafia :J.z-L1ua:Juo:J s~ o~ pa.I.IaJaJ

Aue.IaUa~ S! S~U!.I aA!~:>aAuo:> .Ia~no pu~ .Iauu! Jo u.Ia~~~d S!~.L .~UI!X'eUI PU!M pauyap
-naM ~ ~~!M 'ueMaAa a~~ puno.I~ Uo!~~~!d!:>a.Id AA~a~ Jo ~U!.I a~aldUIo:> .IO re!~.I~d ~
UI.I°J A~UI spu~qure.I re.I!ds SaUI!~aUIOS .UI.I°J!~~.I~S Al~U'eu!Ul°pa.Id S! ueMaAa a~~ o~

~ua:>~rp~ Uo!~~~!d!:>a.Id .(£L61 A~.ID pu~ ~a~s) SUI.IO~S .Ia~uo.I~s ~~!M pa~~!:>oss~ aq
o~ .I~add~ s~J~.Ipdn ~u!dOlS .Iadaa~s .(~661 Aq~~nOmM. pu~ J{:>~lg ~v861 uasua~.IOr)
apn~!~re ~~!M p.I~M~nO Aue!P~.I adols o~ .I~add~ s~J~.Ipdn a~.L ..Ia~aUI'e!p U! UIJ{ g-~
Aue:>!dA~ a.I~ sua:> aA!~:>aAuoo .s/UI 01'" Jo s~J~.Ipdn a.Io:> UInUI!X'eUI ~~!M s/UI g",
a.I~ s~J~.Ipdn u~aUI 'au~:>!.I.In~ ~ .I°d .sua~~~ua.I~s ~! s~ paz!U~~.Io a.IOUI saUIo:>aq ~nq

'J{~aM S! UI.IO~S a~~ ua~M paz!U~~.Ios!p ua~Jo S! auopA:> re:>!do.I~ a~~ Jo ueMaAa a~.L
.(£861 o.I!d~~S) UI.IO~S a~~ Jo paads UO!~~lSU~.I~

a~~ Aq pa:>uanyu! aq A~UI ~uaUIdolaAap .I!a~~ ~~~~ a:>uap!Aa aUlaS S! a.Ia~.L .~UI!X'eUI
paads PU!M re~~nUI!Z~ Jo uo!~a.I ~ Ogre a.I~ spu~q a~.L .(0661 naMod) ueM aAa a~~ U!
UO!~:>aAuo:> .I°J alq~l:reA~ A~.IaUa a~~ a:>npa.I pyno:> Aa~~ ~~~~ Uo!~~yn:>ads o~ pal s~~
~:>!l{M '.IaA~l pnopqns ;~~~ AJ!p°UI u~:> s~J~.IpUMOp pa:>npu! Uo!~~~!d!:>a.Id .(.Ia~ua:>

auopA:> a~~ UIO.IJ ~sa~~.I'~J) pu~q a~~ Jo ap!s .Ia~no a~~ UIO.IJ AlureUI S! sua:> aA!~:>aAuo:>
a~~ ~u!paaJ MOYU! laAaY-Mol a~.L .spu~qure.I a~~ o~ reUI.IOU .I~a~s ~u~:>Y!U~!S S! a.Ia~~
'Moy~no re!p~.I laAal-.Iaddn pu~ MOYU! re!p~.I laAal-Mol s~~ auopA:> re:>!do.I~ a~~ a:>u!s

6£9S3DIJ.HOA mn'!.!!



640 ATMOSPHERIC VORTICES -R. PIELKE ET AL.


