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1RÉSUlVIÉ 

Le~ dernières décennies ont vu dt:s progr,ès considérables quant à la recherrhe sur 

les cyclone~ à d(!veloppement expJo'iif de LI saison hivernale. Cepanclant, on a accordé 

peu d'attention au rôle que peuvent jouer les systèmes convectifs à la méso-échelle 

(SeM) ~ur l'(~volution de~ cyclones extratropicaux évoluant il l'intérieur d'un 

envilOnnemcnt il faible bamcliniclté. Dans ceUe thès(!, on étudie l'Impact d'un SCM sur 

une cyclogénè'ie ... ubséqucnte dl~ ~urface, en utilisant une simulation numérique à haute 

lé~ojution, mtégrée sur .36 heur,es, de J.l fameuse ligne dl' grain du 10-12 Juin 1985, 

observée lors du programme PRE-STORM. Le modèle utilIsé œproduit 

rcmmquablement blCn la formation initiale de la ligne de grain, l'ms la présence de 

nomhreuses perturbations barométnques et cIrculations méso-échdle à la surface et dt:1OS 

le ... niveaux moyens, amsi que la cyclogénès{~ subséquente après la dissipation du système 

convectif 

On trouve que la ligne de gram est initiée à l'avant d'un fajble front de surface 

avec l'aide du forçage barocline. Par la suite, l'évolution du système convectif est plus 

ou moins dictée par l'interaction entre les drculations internes propres au SCM et 

l'environnement potentiellement instable à l'avant du système. Dans cette optique, la 

baroclinicité environnante ne fait que pourvoir à la maintenance de conditions favorables 

pour l'évolution subséquente de la convection. Par ailleurs. alors que le systt'me 

s'mtcnsilie rapIdement et accélère vers l'est, il moditie en même temps l'environnement 

baroclinc de grande échelle en augmentant le déphasage entre les creux thermique et 

harométrique de la basse et moyenne troposphère, produisant ainsi un environnement 

plus favorable à une cyclogénèse de surface. 

Atïn d'isoler le rôle de la ('onvection humide sur la cyclogénèse de surface, deux 

expériences, l'une dite "humide" et l'autre dite "sè(~he", sont comparées. On trouve 

qu'en dépit de l'absence de la convection humide, le modèle arrive à produire une 

cydogénèse de surface, mais avec beaucoup moins d'intensité, d'étendue verticale, et de 

li 



• 

• 

• 

vitesse de déplacement. On montre que les effets de la convection hunude ~ont non 

seulement d'augmenter et de diminuer, rcspectivement. les hauteur~ des sl1l'fal'es 

isobariques des hauts et bas niveaux. mais également de conditionner l'environnl'Illent 

barocline en augmentant l'angle de phase entre les ondes thermique ct harométrique. 

ainsi qu'en intensifiant la baroclinicité de grande échellc . 

ill 
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ABSTRACT 

Con!'.lderablc progre!'.:-. has been made in the pa:-.t decades on the life cycle of 

rapidly dccpenmg wmter cyclor.e:-.. However, httle attention has becn paId to the roles of 

me~o<,calc conveclIve !'.y<,tem.., (MCS!'.) m extratlOplcal cyclogenc~l<; that occurs within 

weak harochnIc cnvironmenh ln thi!'. thC!'.I~, the impact of an MCS on the subsequent 

!'.lIrface cyclogenc~l!'. i!'. mvc!'.tigated, u!'.ing a 36-h three-d!mensional, high-resolution 

simulations of the famous 10-12 June squall line that occurred dllring PRE-STORM. The 

modcl !'.Imlilatc~ remarkably weil the initiation of the sqllall line, numerous mesoscale 

surface pre!'...,ure perturbatIOns and mldlevel circulatIon structures during the mature 

stage, and the subsequent surface cyclogcnesl~, after the dissipation of the system. 

Il is Immd that the ~quall line is Imtiated ahead of a weëk surface front with the 

alti of halochmc forcmg Once initiated, the squall ~ystem is more of less driven by the 

interaction of convect:vely gcnerated clrculatlOn~ wlth the potentialunstable environment 

ahead. The haroclimc forcmg only provldcs a favorable environ ment for the evollltion of 

the ~qllall system. As the squall !'.ystem rapldly intensIfic!'. and accelerate~ eastward, it 

cnhancc!'. thc largcr-scalc baroclinicity and produccs a phase-lag between the pressure 

und thermal wave~ so that the bmoclimc envlronment is more favorable for surface 

cyclogcncsis. 

To Isolute thc roles of moist convection in the surface cydogenesis, a "moist" 

and a "dry" ~lIl1l1lation are compared. It IS found that in the absence of moist convection 

the modcl could also produce a surface cyclone, but with much weaker intensity, much 

smallcr cxtcnt and !'.lower di~placement. The effects of moist convection are shown not 

only 10 mcrca!'.c the upper-level and decrease the lower-Ievel height of isobaric surfaces, 

hut al~o to condition the baroclinic environment by increasing the phase lag between the 

pressure and thermal waves and enhancing the large-scale baroclinicity . 

iv 
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.. a me Ime a .. In Fig. 4.3. Sohd (da ... hed) Imes represent positive (negative) 
value~. Supcrpo ... cd arc position., of trough... m height devmtions (dot­
da~hcd Imc<.,) a<, mfcrrcd from Fig. 4.3. 

Fig 4 6 A~ m Fig. 45, but for (a) 18 h, (b) 24 h, and (c) 30 h mto the "mOI st" run, 
along Imc~ A-B a~ mdlcated m Flg~. 3.2, 3.4 and 3.5, respectively, wlth 
wmd vccton, proJected unto the plane of the cross-!>ections. 
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Chapter 1 - Introduction 

1. 1 The QPF problem 

Numerical predictions of lLuge-scalc pressure systems have \lllproved matkedly 

during the past four dccades, a fact which is largcly duc to the rapid Ille 1 casc III 

supercomputing power. This trend is likely to persist smcc it secm~ that tlll~ pOWCI Will 

kf'ep on increasing in the foreseeable futurc. HOWCVCI, surh progless in largc-~ralc 

prediction does not necessarily translate into thc improvcl11cnt of quantltativc 

precipitation forecasts (QPFs) and scvere wcather warnmg~. This IS hceaulie 1ll0~t of the 

precipitation variability occurs on scalcs 'Jf the order of 100 to neal' lonn km, i.e., on the 

meso-~ to meso-a. scales. particularly during the warm scason. Specltically, Fllt~ch ct al 

(1986) found that rnesoscale convective sy!oJtcms (MeSs) accollnt for a lurge fraction 01 

the total warm-season rainfall over the central and castcrn portlon~ of the United States. 

They noted that long-lived MCSs could cven produce rainfall cxccedmg the total 

precipitation arnounts of a hurricane. Later, Heideman and Futsch (19H8) ~howed that 

about half of the warm-season rain fal 1 over the central and ca~tern tl.S. wa-. 

predominantly caused by mesoscale forcing rncchamsm!oJ. 

Therefore, in view of the current limitcd potential for oh~el'vati()nal network~ to 

resolve anything less th an a few hundred kilometers in length !oJcale, and al-.o l'rom thc 

fact that operau0nal models stIll have coarse l'e~olution ... and often !oJlmplr-.llc "'lIhgrid­

scale parameterizations to handle mcsoscale phcnomcna, one cou Id !oJpeculate that the 

skill and accuracy of precipitation forecasts, particularly QPF ... , would lower ... uh..,tantially 

during the summer months. Indeed, this prcsumption ha!oJ becn cxtcn~ivcly vcnfied in thc 

literature. For exarnple, Charba and Klem (1980) found from a ~tudy of QPFs over the 

United States between 1961 and 1978 that for precipitation foreca~t!'. of > fi.4 mm and 
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> 12.7 mm, threat ~cores were 33% to 55% higher during the wintertime than those 

durin6 the ~ummcr. Thcse cool-sea~on QPF ~cores increased at almost twice the rate 

over tho~e of the warm-~ea~on durmg the same penod. The btter result shows an 

increasing gap in the quality of cool-~eason v~. warm-season QPFs. Sirrular conclusions 

werc drawn from studies by Ramage (1982), Glahn (1985) and Sanders (1986). 

Frit~ch and HCldeman (1989) also found very limited skill with the U .S. 

operatlOnal limlled-arca fine-mesh model (LFM) for the 1982-1983 warm-seasons. This 

substantiated the conclusion from Heideman and Fntsch (1988) which ~tated that 

improvcd QPF scores will come not only from increased model resolutions, but aiso 

l'rom improved model physics. Also, Georgakakos and Hudlow (1984), emphasized the 

l1eed for more accurate QPF information to serve as mput for hydrological forecasts. 

This increased concern with improved QPFs and severe weather warnings has 

justIfied a large research effort during the past few years in an attempt to improve our 

physical under~tanding of mid-latitude MeSs. Many observation al studies of ~.1CSs have 

uncovcrcd a rccurring array of features that they share (Newton 1950; Ogura and Liou 

1980; Smull and Houze 1985, 1987; Leary and Rappaport 1987; Johnson and Hamilton 

1988; Rutledge ct al. 1988; Houze et al. 1989). These indude: (1) a tine of intense 

convection in which deep ascent prevails; this is followed (and sometimes preceded) by 

(2) an extensive area of stratiform cloud and precipitation; (3) upper-Ievel ascent of high­

el' élir along a sloping rearward flow from the leading edge of the gust front (front-to­

rear flow); (4) il descending rear inflow of mid-Ievellow-lJe air entering from the rear of 

the stratiform rcgion (rcar-to-front flow); (5) upshear tilt of convective-scale updrafts 

and (6) one or several mid-level mesovortices in the stratiform precipitation region 

(Zhang and Fritsch 1986, 1988b; Menard and Fritsch 1989; Brandes 1990; Bartels and 

Maddox 1991: Biggerstaff and Houze 1991b; Zhang 1992). Fig Lia presents a 

scl\ematic cross-section of il mature squall line. showing its main convective-scale and 

mesoscalc structure; the reader is referred to the above papers for further details. 
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However, the level of organization of any MCS spans a mOle or Jess contmllollS 

spectrum and ranges from the highÎy orgamzed conceptualmodc\ in Ftg. 1.1 a, 10 l'haotk 

structures where convective and strattform precipitatton me arranged randomly (1loll/e 

et al. 1990). Moreover, III studtes such a~ Fujtta (If)55), lIoxtt ct al. (1976) and JOht1'.<Hl 

and Hamilton (1988), pres~ure disturbances due to squall ltne~ \Vere invcsligatcd III 

detail, using dense ob~ervations. They identitïed Ihrcc plÎmary fealure~ III Ihe Mil facc 

pressure patterns of MCSs that are tratled by stratiform rcgton~: ptc-~qllall I11c~olows, 

squall mesohighs, and wake-lows (cf. Fig. 1.1 b). In particular, Johnson and llamtlton 

(1988) showed that wake-lows are the result of subsidence warming in the rcal-hl-front 

inflow, which was sufficiently strong just bchind the stratiform precipitation Icgton to 

offset evaporative cooling. 

A number of numerical studies of MCSs have also bcen undertakcn 111 the rcccni 

years. In particular, numerical studies such as Zhang and Fritsch (19Hfi, 1987. 1988a), 

Zhang (1989), Zhang et al. (1989) and Zhang and Gao (1989) have del1lon~lratcd Ihe 

potential feasibllity of sirnulating the internai structure of MCSs lIsmg convenllonal 

observations as initial conditions. In faet, the se mvestigations ~howed the ll11portancc of 

combming compatible model resolution with suitable model physlcs in order to cxplicitly 

simulate the internai structure of MCSs. This glvcs hope to futule Improvement~ of 

operational QPFs, in addition to inereasmg our under~tanding of the physlcal 

mechanisms prevalent in MCSs. These nurnerical studie~ have provldcd 11Igh re~oluti()n, 

dynamically consistent data to help understand the physical procc~~es of feature~, ~lIch a~ 

the rear inflow (7.;tang and Gao 1989; Zhang 1992, ~urfacc pre\surc perturhations, 

mesovortices a id stratiform precipitation (Zhang and Gao 19H9), that had already hcen 

documented by Johnson and Hamilton (1988), Rutledgc ct al. (1988) and Augu~tine and 

Zipser ( 1987) . 
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a) 

b) 
MATURE STAGE 

LDW-LEVEL 
, RADAR 

REFlECTlVITY 
FIELD 

=00 Siorm motion 

100 km 

Fig. 1.1 (a) Schematic cros~ st..'Ction of a squall line wilh a trailing stratiform region, oriented 
pcrpenllicular to the ~y~tcm. amI parallcl to its motion; taken from Houze et al. (1989). (b) 
Schcmatic surface pressure, winll licld .. and precipitation distribution during the squall line 
mature stage; taken l'rom Johnson and Hamilton (1988). Arrows indicate relative flow in (a), 
and actual tlow in (b). Note that horizontal scales differ in the two schematics . 
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1.2 The efTects of MCSs on the large-scale environment 

Nurnerous observations have rccently shown that durtng the glOwing scuson 

MCSs often form to the lee of the Rocky Mountains and undergo nlllltlplc hIe cycks 

before reaching the Atlanltc Ocean (Wetzcl ct al. 19S3; Bosalt and Sandel~ 19RI; 

Murphy and Fritsch 1989). Sorne of the~e systems, whlch arc ~trnng and weil orgal\l/cd, 

could produce important influences on largc-~calc tlow, palltculatly whcll mtclill'tlllg 

with baroclinic ~ystems of weak to rnodcratc mtenslty. Although the~e ~ystC11l~ an:ount 

for a substantial fraction of walll1-scason rainfall, httle dl' Olt has bcen made 10 sI ully Ihe 

interaction of deep convection with baroclintc systems owing tn linuted lllgh-Ic~ollltlon 

observations. In this thesis, wc will cxamine thc proccsscs ta~ing place III sUlface 

cyclogenesis after the dissipation of an MCS and providc cVldence to supporl Ihc 

hypothesis that organized MeSs coulll prodllce li signi/inmt 1I1/1'(/(·t 01/ !arge-,\'('(#!e 

circulations. This hypothesis is also plausiblc when considering thal lowcr ~tatlc 

stabilities in the surnrner tend to decrease the avcragc wavclength of hm oclil11c waves as 

cornpared to the winter (Staley and Gall 1977), rnaking sornc sy~tcl1ls comparahle in :-.ize 

to Mess. We hope in this way to improve undcrstanding of thc large-scale cyclogenc:-.i:-. 

problem by extending research to surnmertimc casc~, complcl11cnting Ihe nll\l1erou~ 

winter-time c,;se studies of more intensc and often cxploMvc cyclogcne~I"', for whlch 

dynamical processes tend to dominate. 

The effects of deep convection on atmo~phcric circulations havc becn studicd for 

many years. Previous studies can be categoflzed into two group:-.: (i) effcct~ on largc­

sc ale circulations and (ii) effects on rr:cso~cale circulations. Maddox ( 1 9X3), 101' 1Il~lam.:c, 

discussed how MCS~ tend to produce a pcr~i~tent tempcraturc perturhation III the upper 

troposphere, causing a readju~tment of thc ma:-.~ field on the largc-~calc. On the othcr 

hand, Houze (1977), Zhang and Frit~ch (1987; 1988b), Brandc" (1990), Bartcls and 

Maddox (1991), Biggerstaff and Houze (1991 b), Zhang ( 1992) and John~on and Bartel~ 

(1992), showed that convection tend~ to generate mesovorticc~ of differcnt ~IZC~. The 
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presence of convectively generated mesovortices, such as those examined by Wetzel et 

al. (1983) and Fnt.,ch et al. (1993), appears to explain why sorne MCC's could remain 

coherent for ~everal day~ a!'! they travelcd eastward from the foothills of the Rockies 

toward the Atlantic Ocean. The!'!e !'!tudies provide sorne observation al evidence that 

meso.,cale and large-1otcale events following the InItial outbreak of deep convection can be 

slgmficanlly dlfferent l'rom those predicted by models with inadequate resolution and/or 

overly !'!impltsllc mode! physics (Hcldeman and Fritsch 1988). This underlines the 

necessity to provide realistic model forecasts of the development and evolution of MCSs, 

10tincc the atmosphere is highly nonlinear, wlth interactions of processes from cloud 

microphysics to convectIve drafts and large scale pressure systems, 

1.3 Objectives of the thesis 

The pllrpose of thls thesis is to study surface eycIogenesis events after dissipation 

of an MCS. using a 36-hour nllmerical simulation of the famous 10-11 June 1985 squall 

!ine that occlIrrcd during the Preliminary Regional Experiment for STORM-Central 

(PRE-STORM, sec Cunnmg, 1986), with the Penn5.ylvania State UniversitylNational 

Center for Atmospheric Re!'!earch (PSUINCAR) Mesoscale Model, Version 4 (MM4) 

(Anthes and Warner 1978; Anthes et al. 1987). The lite cycle of this MCS has been 

cxtcnslvcly cxammed, for example, by Augustine and Zipser (1987), Johnson and 

Hamilton (1988), Rutledge et al. (1988), Zhang et al. (1989), Zhang and Gao (1989), 

Zlumg and Cho (1992) and Zhang (1992). Specifically, Johnson and Hamilton (1988) 

mentioned that artcr the squall system dissipated, a significant short wave trough cIosely 

ussociated with the system resulted in surface cyclogenesis farther east over Ohio Valley. 

y ct it is unc\ear how this cyclogcnesis occurred. In particular, is there any relationship 

hctwccn the development of the squall line and the subsequent surface cyclogenesis? If 

there is, how did the squall line assisted the surface cyclogenesis? What is the relative 

role of the midlcvel short-wavc trough, and how did it interact with the squaliline? 
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Thus the specifie objectivcs of this thcsis pcrtaining to the physical undelstanding 

of the surface cyclogenesis are givcn as follows. 

(i) Extend thc previous simulation of the sqllall Imc by Zhang ct al. (1l)~9) to 

36 hours, i.e., valid at 0000 UTC 12 .June 1985, when the !'.lIrface cyclone is 

weB developed. 

(ii) Document the sequcnœ of events l'rom the dissipation of the sqllall line 10 

the developmcnt of the surface cyclone. 

(iii) Investigate different dynamical processes taking place III the ~urface 

cyclogenesis, and particularly, examine the cfrecl of dccp convection and its 

interaction with the large-scale baroclink environment. 

(iv) Determine the impact of the mesoscale cIrculatIon, ~lIch as rncsovortices, 

descending rear inflow, ~urface pre-squall and wake lows, on the ~1I1 faœ 

cyclogenesis. 

The presentation of the thesis is organized as follows. Chaptcr 2 SUllllllanï'CS the 

model features and initial conditions used for the simulation. Chapter 3 rlc~ent!'. a 

synoptic description of the case from 1200 UTC 10 .June to 0000 UTC 12 June 19X5, 

and shows verification of the simulation against convcntional, mcsO'icalc and ~atellitc 

observations. Chapter 4 cOT1lpare~ ~ensitivity ~imulallOns wit~, and wlthout convcctlon, 

and discusses the impact of the squall line and large-scale haroclinity on the ~lIrfaœ 

cyclogenesis. A summary and conclusions are given in Chapter 5 . 
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Chapter 2 - Model description 

The mode] used fur thls study is an improved version of the PSUINCAR three­

dimen~ional (3D), hydro~tatlc, mesoscale model as descnbed by Anthes and Warner 

(1978) and Anthe~ ct al. (1987). It has been successfully used, among others, by Zhang 

et <~. (1989) (hereafter ZGP) and Zhang and Gao (1989) (hereafter ZG) for 2I-hour 

numencal sImulations of the 10-11 June squall system, with an almost identical version 

a~ in the present ~tudy. The improvements made to the model in thcsc rcccllt studies 

werc neccssary ;:' order to address numerical simulations of the meso-~ scale !'tructure 

and evolution of MeSs that occurred during the warm season (Zhang and Fritsch 1 ~86). 

A ~lImmary of the MM4 model system is presented in Table 2.1. The model dynamics 

will be described briclly in §2.I, while certain aspects of the physics will be deu!. ~' .. ith in 

more details in §2.2. The initialization of the model will be discussed in §2.3. 

2.1 Model dynamics 

The governing equations of the model are basically those used in the original 

version described by Anthes and Warner (1978). The equations predict the temporal 

evolution of Il, v. T, li and p,\" where Ps is the surface pressure, and they are written in 

the terrain-following sigma (cr) vertical coordinate: 

p-p 
cr= 1 

P,-p, 

where p is pressure and Pt is the pressure at the top of the model atmosphere ( Pt = 70 

l'Pa). The effect of virtllal temperature is included in the ideal gas law. For the interested 

read'~r a complete list of the goveming eqllations is given in Anthes et al. (1987). 

The modcl uses a self-nesling strategy in which a fine-grid mesh (FGM) with a 

grid-size of 25 km is embedded in a coarse-grid mesh (CGM) with a grid-size of 75 km 
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(Fig. 2.1). Both meshes are "staggered" in the hOrIzontal and vertical (FIg. 2.2) ln thc 

horizontal staggering, mom'~ntllm variable~ are detined at "dot" pOll1t ... wl1lk all thc ot hCI 

variables are ùcfine~ :lt "cross" points. whlch allow~ 1'01 more aCClII atc caklliatlon of !Ill' 

pressure-gradient force and horizontal dIvergence. acconhng to Araka\\ a and Lamh . 
(1977). In the vertical ~taggcnng. the vertical vcloclty 111 cr-COOl dlllate~ l cr) I~ cOlI\plltl'd 

on full O'-levcls, while all the othcr variablcs arc dct!ncd on h"lf cr-kvcl~. The Illlmhl'I~ 01 

grid points for (x, y, cr) dlmcn~lons of thc CGM and the FGM ,Ile 55x41 x 19 and 

106x49x 19, respectiveiy . The 19 cr-Iayer~ llsed for thl~ study ale ohtalllcd fwm the 20 

O'-Ievels: 1.0, 0.997, 0.957, 0.901, 0.845, 07R9, 0.733, 0.676, 0.61 (). 0.562. n.501, 

0.440, 0.380, 0.321, 0.263, 0.206. 0.150, 0.100, 0.050 and 0.0. FIg 2 1 ... I!ow~ the gllli 

configuration used for this study. The fine mesh wa~ pO"'ltlOl1ed ~lIch that the (lh~cl vctl 

cyclogenesis over OhIO Valley could bc ~lInlllated and neces~ary high-rl'~ollltl()11 

llpstream distllrbances cOllld bc generated and wOllld propagate down~tleam ln al kct the 

cyclogent:sis. 

The continllOUS eqllations 3rc spatmlly dlscrctlzed ll~lI1g ~econd-Oldei lil1ltc 

differencing, while the time integratlon is donc u~mg a pressure averagtng mcthod IÏl ~t 

proposed by Brown and Campana (1978). Thi~ method tir~t computes the geopotentlal 

and surface pressure values at tlme stcp l' + 1 beforc calculating the 1ll0menl1l1ll val tablc~ 

at l' + 1. A weighted averagc of gcûpotcntlal and ~urfacc pn'~~ure at ll/lle step~ l' - l, 't, 

and l' + 1 is used in the presslll~-gradlent force tcnm of the momcntum cquatlon.,. ThJ~ 

method allows for time steps tWlce as largc as with thl! morc conventional Icap-frog 

scheme. 

A self-nested grid procedurc is used at thc intcrface bctween the HiM and CGM, 

allowing feedbacks between the two me~hc~ and alsn permltltng the U.,c 0/ rcalt.,tlc 

terrain (Zhang et al. 1986). The ouler CGM lateral boundary, on the other hand, i~ 
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100 .. 80 .. 

Fig. 2.1 The moucl ncsleu-uomalll 0/ the PSU/NCAR moud used for Ihis ~tudy. Interior box 
Îmlicalcs the finc-me:-.h portion 01 thc uDmain. Thc inlclVals marked on the frame are mesh 
grilb (75 km lor coar:-.c me~h amI 25 km lor line mcsh) . 
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dctermincd hy lincarly intcrpolating 12-hourly observations in time and specifying the 

rc ... ulting valuc!o> according to Pcrkcy and Kreitzberg (1976). 

2.2 Model physics 

li) Fritsch-Chllppelland explicit schemes 

ft ha!o> hecn reallzed that reah~tic simulations of MCSs require more th an simply a 

dccrca!o>c ln the horizontal gnd size (Bélair et al. 1993). In particular, as the grid size 

dccrca~e~, ~olution~ eorrc~ponding to more energetic convective motions become 

pn ... ~ihle. On the one hand, an appropriate convective parameterization scheme is needed 

t 0 incJude the effect~ of subgrid-scale updrafts, downdrafts and detrainment. On the 

other hand, a reasonable explicit scheme IS necessary when the grid spacing is small 

cnough to rcsolve me~o-~ sc ale circulations of MeSs and associated phase changes. 

Thu." an nnproved version of the Fritsch-Chappell cumulus parameterization 

(Fritsch and Chappcll 1980. Zhang and Fritsch 1986) is used for t!te fine mesh of the 

rnodcl, whlle an Anthe~-H.L. Kuo (Anthes et al. 1987) convective parameterization is 

lI~ed for the coarse mc~h. In additIon, an explicit treatment of cloud water (ice) and rain 

water (snow) (H~le ct al. 1984; Zhang et al. 1988; Zhang 1989; Dudhia 1989) for both 

the CGM and FGM was utlhzed. These physical routines are identical to those used by 

Zhang ct al. (19R9) in their ~imulation of the June JO-II squall1ine. 

ln the Fntsch and Chappell (1980) scheme, the characteristics of individual 

Mlhgnd-~cale convective clouds and their effects on the grid-scale variables (e.g., 

lemperaturc. l110islure and horizontal momentum) are parameterized by assmiung that 

availahle hlloyunt cnergy (ABE), vertical wind shear and vertical motion deterrnine the 

Cvollltlon of deep convection over a grid box of 20 km. It is also assumed that a single 

deep convective cloud dominates the vertical transport of heat and moistllre, which 

includc an lIpdraft, a downdraft and compensating subsidence. The scheme also includes 

cffect~ of panullctcrized frcezing and melting in the column. 

12 
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The explicit scheme was descnbed in HSle et ,ù. (19R4). Zhang (19R9) and 

Dudhia (1989), and contams prognostic equations for cloud water (icc) and rainwatcr 

(snow). These equmions take into account most of the change~ hct\Vcen thc vapor. liquid 

and solid phases of water, as well as effects due to hydro~tatlc \Vatcl loading and vÎltual 

temperature. The solid and liquid phases are not allowed to co-cxist. rathel. an ahlllpt 

phase change takes place at the O°C Isotherm, allowing 1'01 economy of mcmory stOlagc. 

but causing the absence of slIpcrcooled droplcts in the mode\. 

It is important to note that, as discussed in Zhang ct al. (1988). the implicit ami 

explicit schemes operate s;multalleousLy in the model to accollnt for the scparatc clfcct~ 

of subgrid-scale convective effects and grid-scale pmcc~ses. Typically, condcl1~atcs 

travel mesoscale distances before reachmg the grolll1d and hcncc he reg .. ,tclcd a!'. 

precipitation. Therefore, mesoscale models have to explicltly plcdlct thls tran~port III 

order to realistically simlliate the ~patial and temporal evolllt!on of dldbatic ~ourcc~ and 

sinks due to the variolls pha!le changes of condensate befme prcclpitatmg. Till ... plovldc ... 

in tllrn a broader scale of interaction betwecn the subgrid-scalc convcction and the 

mesoscale circulation. At the same time, an implicit convection ~cheme is al~o nCl'C~~ary 

in order to parameterize the sigmficant ~ubgrid-~cale vertIcal fluxes of heat ami 1ll0i!.tllre, 

even for a grid-size of the order of \0 km (sec Zhang et al. 1988 for the di!.cu~~ion ... ). 

b) Planetary boundary layer and other parameter;zat;ons 

The planetary boundary layer (PBL) parameterization 1 ... ba!.ically the !.ame a!. that 

us,~d by ZGP, Zhang and Fritsch (1986) and Zhang and Fnt!.ch (1988b) in ... imulations cf 

a number of MeSs, and i!l a modified ver~ion of the origmal Blackadar (1979) PSL 

model. In this scheme, the !Iurface temperature i!. ~pecified from a ~urface cncrgy hudgct 

based on a "force-restore" !Ilab mode): 
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aT
R 

ae
R CR -;-= Rn -H, .• -H, -L,.E, +~ , 

ut ut CONV 

where C~ i!-. the thermal capacity of the slab, Rn is the net radiation, Hm is the heat flow 

through the ground. H.\ is the sensible heat flux into the atmosphere, Lv the latent heat of 

vaporizalton, E\. the !-.urfacc mOl~ture flux, and ae"jiJtl is the ground potential 
. " CONV 

tcmperature tendency due to deep convection taken as the tendency produced by the 

Fritsch-Chappell !\cheme for the tirst model layer. In the ca1culation of Rn' attenuation 

from waler vapor, cloud s, multiple Rayleigh backscattering and reflections from aerosols 

arc taken into account, as weil as are cloud and precipitable water influences on 

downward infrared radiative flux. The heat flow into the ground is computed through a 

simple first-order diffusion process, with the s0il temperature being specified and kept 

lixed throughout the length of the integration. Finally, the sensible and moisture fluxes 

into the atmosphcrc arc cûmputed from similarity theory. Note that aIl the basic 

paramelers required for these ~urface budget calculations. i.e., moisture availability, 

surface albedo, roughness length, thermal capacity and surface ernissivity, are dr.rived 

flOm the land-use data archived at NCAR and given by a look-up table which assigns one 

value of a surface index for each grid-point of the domain. 

Once the surface fluxes are known, fluxes through the above stable layers are 

computed from K-theory with an implicit diffusion scheme. In the case of free 

convection, a PBL height is calculated, and the heat, moisture and momentum are 

vertically mixed following the method prescribed by Blackadar (1979) and Zhang and 

Anthes ( 1982), and 1411er modified by Zhang and Fritsch (1986). 

2.3 Model initialization and initial conditions 

The model wa~ initialized at 1200 UTC 10 June 1985 with data from 

conventiona) observations, following the method described in Zhang et al. (1986). 
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Briefly, the standard global National Meteorologieal Ccnter (NMC') analysi~ \Vas 

interpolated to the model coarse mesh as a tirst gucss and thc'n cnhanccd \Vith 

rawinsonde observations using a successivc-correction typc ohjcctlvl! analysls, Then thc 

resulting fields were interpolated to the fine mesh and enhanccd in thc samc manner. No 

balancing between the mass and wind fields was donc, but the \'cl1ically IIltegrated 

divergence was set to zero in order to mmimize gravIt y wavc n01~e in the tirst fcw houls 

of integration. 

Figs. 2.3 and 2.4 ~how the model initial conditions at 700 hPa and the ~lll·fal"C, 

respectively. One can see that the large-scale condition!': wcre charactellzed hy a 

relatively weak and shallow baroclinie zone to the wt.:.t ot the PRE-STORM nctwolk, 

and a mesoscale rnidlevel trough over eastern Wyoming und central Colorado (FIg. 203). 

Modcrate cold (warm) advection prevailed behind (ahead of) the trough axi~. At the 

surface (Fig. 2.4a), a weak cold front was locuted over nOlthern Colorado with two 

meso-a low pressure centers, one over western C)lorado at 1004 hPa and a !'Iccond OIlC 

over western Nebraska ut 1009 hPa. The area was abo dommatcd hy large-~calc 

cyclonic flow centered near the western Nebraska low. MOI st mid-rroposphenc air wa:. 

accompanying the cold front und the short-wave trough anove 600 hPa, wlth very dry 

air below (not shown). Ahead ofthls co Id front, u quasi-slationary warm front cXlending 

from eastern Colorado to southern Oklahoma was a~~ociatcd wlth a ~outhwcsterly tn 

southerly low-Ievel flow advecting high-ge air into Oklahoma and Kan ... a~ (Fig. 2.40). 

Overlying this moist low-Ievel air was a much drycr mr ma!'l!'l, ~uggc!'ltrng the ple\encc of 

considerable convective avrulablc potential cncrgy (CAPE) along lhe warm front. 

FinaIly, a near-surface temperature inversion wa~, prc~cnt throughout thi~ high CAPE 
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Fig. 2.3 Distribution 01 700 hPa hcighL'" at intcrval~ 01 3 dam, and tempcratures al intcrvals of SoC 
for t 200 UTC 10 June 19H5. A full barh is 5 m.çl. Selected observations of temperature, 
dew-point deprc:.sion, and hcighL'i arc plottcd using rneteorological convention . 
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b) 

Fig.2.4 Surface synoptic analY!o.is for 1200 UTC 10 June 19H5. (a) Sca-Icvcl prc~~urc (M)lid lines), 
al inlcrvals of 2 hPa, and tcmpcraturc (u;L\hcd Iillc~) al interval~ of 2°C. (h) Stream lincs 
(solid Iincs), and ~pccific.; humidity (dm\hculinc~) al intcrval~ nt 2 g kg - t . 
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area (~ce ZGP), and acted momentarily as a "lid" which prevented the release of deep 

convective instability ahead of the cold front (Carlson and Ludlam 1968) for the tirst 

few model hours until surface heating and other environmental conditions became 

favorable . 
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TABLE 2.1 Summary of MM4 

Dynamics 
• Hydrostatic primitive equations, Il, v, T, q and Ps predictive 
• Two-way interactive nested-gnd procedure (Zhang et al. 198h) 
• Time-dependent outer boundary conditions for the CGM, ba~ed on regularly-~paced 1111 .. ervatilllls. 
• Brown and Campana (1978) tlme dbcretlzatlOn 
• Staggercd horizontal grid overlmd on a Lambert conformaI map plOjedion (25 km grill kngth lor the 

FGM and 75 km tor the CGM) 
• 19 staggered O'-Ievel~ (normalized pre1>sure) wlth top at Pt = 70 mb 
• Time step of 40 s for FGM and 120s for the CGM 
• Fourth-order horizontal diffusion 

Physics 
• Fritsch-Chappell (1980) convective parameterization scheme fi.lr the FGM wllll:h 'ncludc~ 1ll01~t 

downdrafts, nnvil evaporation, precipitation efticlcncy oc to vertical WlI1d shear and cloud ha~e hClght 
and water vapor detrainment to the gnd-1>cale 

• Anthes/Kuo type convective parametenzation for the CGM (Anthc~ ct al. 1987) 
• Exphcit mOlsture scheme wlth predictive equations for cloud water (ICC) and rmn watel (snow) and hulk 

treatment of the microphyslcs (Hsle et al 1984, Zhang ct al 1989) 
• Modihed Blackadar (1979) PBL treatment (Zhang and Anthes 19~2) 
• Surface tluxe!o. computed l'rom similanty theory 
• Imphclt vertIcal diffusion 
• Prediction of ground temperature following the torce-rc~tore "slab" model 
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Chapter 3 - Case description and model 
verification 

ln this chapter we will document the sequence of events from the model initial time 

to the genesi~ of the ~urface cyclone. We will base our description on observations using 

f\!MC standard pressure-Ievel and surface analyses, enhanced infrared satellite imagery 

l'rom the Gcostationary Operational Environmental Satellite (GOES), and mesoanalyses 

l'rom John~on and Hamilton (1988; hereafter referred to as JH88). The numerical 

sllTIulation wIll also be used to provide additional details unresolved by the observations. 

ln order to trace the evolution of the surface features as the squall system moves out of the 

PRE-STORM nctwork, the surface maps were manually reanalysed by combmmg the 

original NMC data and the JH88 analyses. This will also allow us to describe more clearly 

the relationship between the convectively generated perturbations and their larger-scale 

environment. For the sake of c1arity, not ail the data used for the analyses were plotted. 

Because of thc use of available special network data, mesoscale details over the tletwork 

during 0300 and 0600 UTe Il June can be analyzed with more confidence. For other 

times and locations, mesoscale details were inferred from the av ail able NMC surface data 

and from temporal continuity. 

Wc will tirst describc briefly the pre-cyclogenesis period from 1200 UTe 10 June to 

0600 UTe Il June. since a number of other studies have covered the evolution of the squall 

systcm during this period (e.g .• JH88; Rutledge et al. 1988; ZGP). Then we WIll document 

in dctaillhc remaining 18 h in order to c1early identify the events leading to the large-scale 

surface cyclogcl1csis, as has bcen noled by JH88. We will close the chapter by exarnining 

the cffecls of the squall system on the large-scale flow during the 36-h period . 
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3.1 Pre-cyclogenesis stage 

Both JH88 and ZGP showed that the squalllinc was initiatcd at 2\00 lITC 10 .lune 

ahead of the surface cold front (i.e., the segment UA" in FIg. 2.4) afler It passel! OYeI thc 

Rocky Mountains and interacted with the quasi-stationary warm front. The l1udlevd ~hO\I 

wave has also contributcd to the development and organtJ:ation of the sqllall SyMl'tn. Then, 

the system intensified rapidly wlthin a widesprcad convcctlvcly lIn~tahle cnvlrnnmcnt llVl'\' 

the network and propagated southeastward at a spccd of 14-16 m ~ -1. The daytimc 

boundary-Iayer development and thc transport of high-8e air in the low-\cvcI southetly 

current provided such a favorable condition fot rapid amplificatIon (e.g., .IWŒ: ZGP). 

During the intensifying stage, both the radar cchoes and ~atclltlc imagery show intensc 

convective cells along the leading !ine and rapld expansion of stratiform c1olldine~s hclllllll 

(RlItledge et al. 1988; Biggerstaff and Houze 199Ia). 

By 0300 UTC Il June, the squalllinc has reachcd Ils peak inlenslty wlth vig()\OlI~ 

convective-scale and mesoscale circulations. In particular, thrcc distinct mrflows as ~h()wn 

in Fig. Lia have developed: an ovcrtllrning updraft along the Icading line, a Itont-to-Icar 

(FfR) ascending flow associated with the generatlOn of the trarlmg ~tratrl()\'111 

precipitation, and a rear-to-front (RTF) descend mg tlow (JHRR: ZGP). In additIOn, 

Biggerstaff and Houze (199Ib) and Zhang (1992) ~howcd lhc dcvclopmcnt of li 11lIdlcvcl 

mesovortex in the trailing stratiform region of the squall sy~tcm. At the ~urlacc, Fig. 3.1 

exhibits the typical pressure perturbation~ of midlalltude squall Itne~, i.e., a P,.c-~qllall 

mesolow, a squall mesohigh and a wake low (1H88; ZGP). ZGP havc lraccd thc cvolutiol1 

of the pre-squall mesolow back to the mc~olow ahead of thc ~urfacc front ovcr wc~tcrn 

Nebraska at the model initial tlme (sec Fig. 2.4). Zhang and Gao (19!~9) and JlIX~ ~howcd 

that the mesohigh was generated by convective downdraft~ and cvaporalioll of ~lraliforlll 

precipitation in the descending rear intlow, whcrea~ the wakc low dcvelopcd 

hydrostatically as a consequence of adiabatic warming by dc~ccnding rear inflow bcneath 

the stratiform c1oudines~. The intense convective downdraft!\ and dc~ccnding fear inflow 
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al!-.o accounted for the rapid propagation of the squall system. Note that the se pressure 

pcrturhation~ dcpart ~ub!-.tantidlly from the pressure pattern at the model initial time (cf. 

Figs. 2.4 and 3.1), indlcating the !-.ignificance of convective forcing. Despite their 

contmued mten!-.ificatlOn, the~c disturbances were embedded in a large-scale weak eyclonic 

circulation, with a surface trough, comciding with the pre-squall mesolow, that extended 

northeastward tn Ohio Valley. A ~mall low pressure center of 1010 hPa could also be 

analysed near the western end of a stationary front running along the large-scale trough. 

Because of the significant convective forcing, this low and the pre-squall trough were 

hasically overwhclmed by the squall-Iine circulation. 

Radar and satellite observations revealed that the squall hne entered a stage of 

rapid decay al'ter 0300 UTC (1H88; Rutledge et al. 1988), as it advanced into a 

convectively less unstable environment to the east of the PRE-STORM network. At 0600 

UTC 1 1 June the squall line was weIl into the dissipation stage; it was characterized by 

weak convective cells along the leading line and weak FTR ascending flow in the 

stratiforrn reglOn (see ZGP). As a result, the pre-squall mesolow became less controlled by 

cœvcctivc forcing. Instead, a closed surface low began to emerge to the northeast of the 

squall system where the convective forcing was likely the weakest. This roughly marks the 

onset of the surface cyclogenesis. By contrast, the descending rear inflow still maintained 

Its intensity, bccause there were a large amount of condensate available for evaporation 

(see Zhang and Gao 1989). Thus, the intensity of the mesohigh and waké low were 

sllstained evcn dunng this decaying stage. Note that the wake low has split into two 

scgmcnts: one over western Oklahoma and the other over eastern Kansas; they tended to 

movc southcastward and northeastward, respectively. 

Wc begm to verity the model simulation ugainst the detailed observations starting 

with the 18-h simulation, and lIsing a larger domain (see Fig. 3.2b) as compared to that 

givcn in ZGP. It is apparent that the model reproduces extremely weil the pre-squall 
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Fig. 3.1 Mesoscale analysis of sea-level pressure (solid lines) al intervals of 2 hPa, and surtace 
temperature (dashed lines) al intervals of 4°C for 0300 UTC Il June 1985. Gust fronts are 
indicated by 1ouble-dot dasbed lines with triangles. A full wind barb is 5 ms- l . Cold and 
wann fronts, and selected observations of temperature, dew-point temperature, and pressure 
are plotted using meteorological convention. Pressures are labeJed with the thousands and 
bundreds omitted; e.g., "06" = 1006 bPa. 
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a) 

b) 

Fig. 3.2 (a) As in Fig. 3.1 but for 0600 ure 11 June 1985. (b) Distribution of sea-Ievel pressure 
(solid lines) al intervals of 1 hPa, and surface temperature (dashed lines) at intervals of 2°C 
for the 18 h simulation. Une A-B in this figure and Figs. 3.4b and 3.Sb denotes positions of 
venical cross-sections used in Fig. 4.6 . 
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mesotrough to the east, the convectively generatcd rncsohlgh and the nOlthern wake ln\\' 

over eastern Kansas (the southern wakc low. although tCplOduccd hy the l1lodd, cannllt hl' 

seen in Fig. 3.2b). More importantly, the modcl ~irnulatcs wcll the devcloplllent of tiR' 

c10sed surface low to the northeast of the ~quall ~ystell1, l'Xcepl that II 1'" mOI l' compact 

compared 10 the obscl vations. ThIs diserepancy IS attllhlltabk 10 thl' lad .. ot hlgh­

resolution surface observations over Mis~ouri. The ba~ic pICS~lIIC pattel n and tempcl at ure 

distribution are aiso reasonably simlilated; they arc aboo superposcd upon the hllgl'- ... ca\e 

surface trough systcm. Il should be noled that the horil.onlal extent of t hb. ~1I1 face Il ough I~ 

mllch more extensIve th an that at the model initial tUTIe, and III a ~en~iIJVlty l'lill, \li wlllch 

the influence of the squall systell~ was omitted (sec Fig. 18 ln Zhallg and Gao 1(89) 'l'III'" 

indicates the significant feedback effccts of the ~qllall sy~tcm on It~ 1'\lgcHcalc 

environment. 

3.2 Cyclogenesis stage 

At 0900 UTe, most of the squall system ha~ di~placcd out of the PRE·STORM 

network. Radar reflectlvities at 0800 UTC exhibit the last few taPldly wl'a~l'llJng 

convective ceUs along the leading l'dge, lollowed hy tcnuOll~ l'choc... l'rom the t wo 

dissipating stratiform regiom (sce Rutledge ct al. 1988), a ... cou Id al .... o hc Identlllcd lrulll 

the satellite imagery (Fig. 3.7b). As a re~ult, the convectlvl'ly IIldllCL'd pIC-. .... UIC 

perturbations were becoming much weaker and Ic .... ~ di,tinct (l,cc Fig 1,3) hll II1"tallcc, 

the southern wake low had been ab~orbcd by the larger-"cale "url ace trough a ... It lIIovl'd 

southeastward. The mc~ohigh had vl~lbly shrunk ln .,il.c and hccollll: 1ll00e 01 le ....... il 

mesoridge; il was abOlit to di~appcar a~ the ~tratiform rain cca-.ed. Ml'anwhlle, the l10rthern 

wake low was cro~sing the Kansas-MI~,ouri border and it wa" cVIllcntly IlIcrgmg wlth the 

major surface low located over central Mi~ùouri. Notably, thi" merging proc..c-." cOlllcJ(.Jcd 

with a somewhat greater organIzation of the background flow, a" IIldicatcd hy c.:lo"cd 
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jr.,ohar" of ) 0 1 0 and 1012 hPa. Il also coincided with the deepening of the major surface 

low. 

Very r.,lmilar cvent!\ abo occurred in the 21-h model simulation (see Fig. 3.3b). In 

partieulur, the model !\Imulation shows more c1early how the merging process takes place. 

Thut i", a!\ the convective forcmg rapidly weakens, the wake low advances northeastward at 

a rate roughly tWlce as large as that of the major surface low. This process seems to assist the 

more rapld deepening of the surface low during this period, since warmer air associated with 

the wake low I!\ being displaced into the column above the major low. Ils central pressure 

dccrca!\c!\ from 1005 hPa at 18 h (Fig. 3.2b) to 1003 hPa at 21 h (Fig. 3.3b) and 1 ()() 1 hPa at 

24 h (Fig. 34b). Il should be rnentioned that the modeled central pressure is about 5 hPa 

dcepcr Ihan the observed. This could be attributed partly to the lack of high-resolution 

ub~crvatlOn~, and partly to the use of different pressure reduction procedures to compute the 

!\ca-Icvcl pre!\~ure (see Zhang and Fritsch 1986 for the related discussions). Nevertheless, the 

~illllllatcd ha!\lc patterns are in good agreement with the observed. 

By 1200 UTe Il June, the squall line activity had entirely ceased, and chaotic 

cloud fragmcnts wcre pas!\ively advected by the large-seale flow (cf. Fig. 3.7e and 3.Sb). 

Howevcr, a more slgmficant spin-up of the large-scale cyclonic circulation occurred as the 

mcso~cf.llc pres~ure distllrbances finally merged into a single pressure center near the 

Missouri-illinOis border (see Fig. 3.4). Surface winds ln the vicinity of the center, which 

wCle nevcr more than 2-3 III s-I before, increased to northeasterly at 7-8 m ç 1 on its 

northern Ilank. This suggests the development of stronger surface convergence and 

suhsequcnt gcncration of cyclonic vorticity through vortex stretching. Meanwhile, these 

slrong \Vind~ advccted more cold air southward to enhance a co Id front along the trough 

f.lxi~. For cxamplc, note how the 16°e isotherm, which had remained north of Missouri, 

rnpidly mll\'cd intll the northern part of the state at 1200 UTe (cf. Figs. 3.1-4). Less 

apparent hut still viSible is weak warm advection ahead of the cyclone, as stations in 

ca~tcrn Arki.lI1~a~ and Missoun reported a 1-2°e warming over the past 3 hours. These 
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Fig. 3.3 As in Fig. 3.2 but for 0900 UTC Il June . 
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Fig.3.4 As in Fig. 3.2 but for 1200 UTC 11 June . 

• 
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simultaneous increases in the cold and warm advection arc indicativc of hawdinic cncrgy 

conversion for surface cyc1ogenesis. It is remarkahle that during this short time petlod the 

"background" flow has adjusted to the existing mass field and quickly hecotlle li typical 

developing extratroplcal storm. parttcularly when considering that tlll' t10w nea!' thl' 

cyclone center still remained Iight and variable three hollts cmlic!'. Tlm cydolllc spin-up 

occurred only after the complete demise of the squall system. Two condusion~ cou Id he 

tentatively drawn from these results. On the one hand, the squall systcm must have playctl 

a crucial role in the spin-up of the surface cyclone, smce a ~l11ooth transition fwm the 

squall's pressure perturbations to the large-scale cyclone was observcd ove!' the pa~t (-) 

hours. On the other hand, the large-scale baroclinity, whlch wa~ oh~curcd hy thl' 

convective forcing, now came into play in the subsequent evollition of the ~urracc cyclone. 

A thorough examination of these conclUSions will be undertaken in the Ilext chapter. 

The model also reproduces very weil the timing and the localton of lhe l'mal 

merging and subsequent surfaœ cyclogenesis (Fig. 3.4b). The haroclinic devclopment 

processes are more c1early apparent in the simulation. For example. ~trong coll! advection 

occurs to the north and west of the co Id front and weak warm advection occurs to the ea~t, 

a pattern for a typlcal "synoptic wave". This baroclinic devclopment ha~ re~lIlted m a 

packing of the isotherms just north and west of the low center, and more cm.:ular-shaped 

isobars near the center but still elongated structure at a larger ~cale. The~e re~lIlt~ arc very 

encouraging when considering that they arc generated from conventional-data produccd 

initial conditions. The results indicate that the model physlcal repre~entatlon~ lI~cd for thi~ 

study are realistic enough to reproduce the life cycle of the ~qllall system and it~ effe(;t~ on 

the larger-scale environ ment. 

Another impact of the squall line on the formatIon of the ~urfacc cyclone IS the 

co Id frontogenesis that appeared to be greatly mfluenced by the squall'~ gu~t front. 

Specifically, both the observations and simulation show that as the gu~t front moved out of 

Oklahoma, the squall line left in its wake an cxten'tivc pool of cold air ma.,.,. Thi~ cold 

29 



• 

• 

• 

pool, although nI longer forced by convective downdrafts, continues to propagate 

~outhca~tward with the surface trough, and thus it acts as a cold front with sharp cross­

frontal wind ~hith over western Arkansas. 

ln the ab~ence of organized deep convection, the evolution of the surface cyclone 

was governcd by baroclinic processes over the next 12 hours. Most notable during this 

stage wa~ the rapid eastward acceleration and the intensification of the cyclone. By 1800 

UTe Il June, the cyclone haci aiready crossed over to southwestern Indiana and had 

deepened by a full 3 hPa to 1005 hPa (Fig. 3.5a). Moreover, the cyclonic flow continued 

to intensif y, with wind reports of over 10 m s-1 in the northwestern quadrant and 5-8 m s­

I JO the warm sector. This led to more significant increases in temperature gradients and 

the gene~is of the surface fronts along the baroclinic wave. Clearly, the increased cold and 

warm advection indicates the generation of more kinetic energy through baroclinic 

processes and the further amplification of the surface cyclone. Around this noon time, the 

satellite IInagery shows an extensive shield of midlevel cloud tops to the north and 

Ilortheast of the cyclone and a band of convection to the south (see Fig. 3.7d), which 

resembles the commonly observed comma-shaped cloud pattern of extratropical cyclones. 

Notice the significant heating of the boundary layer in the warm sector of the cyclone 

wherc surface temperatures had increased from 24°e to 30°C during the last 6 hours. This 

surface heating was likely responslble for the development of the convective band along 

the cold front. This convective development would clearly have sorne effect on the further 

intensification of the surface cyclone; but the effect should be relatively weak because of 

its much Icss horizontal extent compared to baroclinic forcing. 

As compared to the observations, the simulated storm appears to move slightly 

slower (cf. Figs. 3.5a.b), and shows a lesser deepening rate with only a 1 hPa decrease in 

central pressure as compared to 3 hours earlier. In spi te of the se minor differences, the 

mpid acccleration of the cyclone and its related development are weil reproduced. The 

positIon and intensity of the cold front, the stronger flow in the northwestern quadrant and 
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Fig. 3.5 As in Fig. 3.2 but for lKOO UTC Il June . 
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the general ~outhwest-northeast orientation of the storm were also reasonably handled. 

Finally, the boundary layer heating in the warm sector of the cyclone is reproduced with 

reasonable accuracy, as mode! surface temperatures increase from 24 to over 28°C. 

At the end of our penod of interest (i.e .• 0000 UTC 12 June), both the observations 

and simulation show a further deepening of the cyclone, with intensified surface flow and 

continued stronger cold advection behind the cold front (see Fig. 3.6). In particular, a 15 m 

s-1 wind was reported over Lake Erie, about 200 km to the north of the cyclone. 

Obscrvations also revealed the expansion of the convective band associated with the cold 

front (see Fig. 3.7e) and an intense frontal zone close to the surface cyclone. After this 

time the storm continued its dcepening to 997 hPa as it moved into the Atlantic Ocean 18 

hours later (not shown). 

3.3 Evolution of the larger-scale Dow 

So far we have examined the evolution of the surface flow throughout the life cycle 

of the squall system and the subsequent cyclogenesis, and we have shown evidence to 

suggest that the squall line had an impact on the formation of the cyclone. Now let us 

inspcct the cvollltion of the midlevel disturbances and examine whether the squall system 

.. Iso had an intlllcnce on the larger-scale tropospheric flow. Fig. 3.8 shows the observed 

700 hPa hcights and temperatures at 0000, 1200 UTe Il June and 0000 UTC 12 June. At 

0000 UTe Il June, the squall line had been active for more than 3 h and it was now 

located just ahead of the 700-hPa short-wave trough axis (cf. Fig. 6d in ZGP and Fig. 3.8 

hcrein). that was oriented from central Nebraska to the Oklahoma panhandle. Note that a 

thermal ridgc. coinciding with the trough axis at the model initial ':me, had disappeared 

during this pcriod (cf. Figs. 2.3 and 3.8a). Instead, a larger-scale weak thermal trough was 

formcd bchind the height trough, still providing the continued co Id advection to the rear of 

the system. 
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Fig. 3.6 As in Fig. 3.2 but for 0000 UTC 12 June. 
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Fig. 3.7 Enham:cd infrarcd gCll~tationilly ~alcllilc imag~ry al (a) 0630 UTC; (b) 0800 UTC; (c) 
110\ UTC: (li) lS01 ure 11 June and (~) ooon UTC 12 June 1985. 
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Fig. 3.8 As in Fig. 2.3 but for (a) 0000; (h) 1200 UTC Il June amI (c) 0000 UTC 12 June 1985 . 

37 



• 
c) 

" 

• 

312 

" 10 
\ 
\ 

Fig. 3.8 (Continued) 

31'1 



• 

• 

• 

In the following 12-h period. the :-.q li ail li ne wcnt throllgh Ils complete lifc cyck. :I~ 

we have seen in the last section. The largc-scalc now has undcrgone significant changl'~ 

during Ihis penod. Firsl. the height wave deepened markedly. leadlllg to a !'otlOngcl hl,tght 

gradient along the trollgh aXIs (sec Fig. 3.Sb). Sccond and more tmpllitantly. tlll' hetght 

wave propagated in pace wlth thc ~qllall ~y~tel11. whelca~ the thclIllal wave rt'lI/llIl/l'd 

practically af the .Wll1le positioll as that 12 hOlIl ~ carlll'r The~e lh l'tel l'nI '>pl'ed~ 01 

propagation resulted in a plwse lag hetwecn thc hClght wavc and Ihermal W:lve AU'oHllng 

to baroclinic theory, this phase lag IS inslrumental ln Ihc hmocllllll' convel~lon of aV:lllahIc 

potential encrgy to kmctic encrgy, and thll~ Il i~ favorahlc 1'01 ,>urfacc CydOgl'Ill''>t'> Thttd. 

the horizontal extent of the midlcvel ~hort-wavc trough appc'llcd tn cxpalld ~lIh~lanllally 

However, this expansion did not seem to hc attnhlltahlc 10 Ihe devclo)1IllCnl 01 the ~qllall 

system, since it occurrcd much farlhcr to Ihc norlhwesl and lIp~trl'all1 01 Ihl' '>y:-.Il'Ill. 

Rather, this change ofwavelength was more rclaled 10 an II1conung lIppel-lcvcl wavc hOIll 

the northwest, as will be shown in thc next chaplcl. Thc Ihcllnal wave had abo II1ll'II'>11 ted 

significantly during this period. Smce the Ihellnal wave rcmalllcd lar behllld thc 

convective system, its intensification likely rcsultcd l'rom Il1crca~cd cold adveet 1011 hehllld 

the pressure trough axis. The above rcsults ~trongly suggc~l Ihal the ~quall ~.Y~tclll hat! a 

significant impact on the evolution of the midlcvcl ~hort wavc, huI Ilot 01 the ther ilia 1 

wave. This difference in the dcgrce to whlch thc :-.quall linc Inlluenccd the 1,lJgc-~calc 

environment will prove to be crucial in thc :-.uh:-.cqucnt ~urfacc devcl0pll1cnt of thc cyclollc, 

as will be shown later. 

At 0000 UTe 12 June, the hClght trough had furthcr ampltlJcd a ... JI propaga1cd 

eastward to reach a position extending from northcastern lIIinOl!-. to Mi~~IS~lppl (~cc Fig. 

3.8c). The thermal trough had also inten!-.Ificd !-.Igmfïcantly; hut It moved approxHlIatcly 

the same distance, i.e., about 350 km for both. Thu!-., thc pha ... c lag helwccn thc rrc\ ... ure 

and thermal troughs remained more or Ic!-.!-. unaltcred alter the di!-.!-.Ipation of the ~quall 
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a) 

b) 

Fig. 3.9 Temperatures (OC, dashcd lines) ami geopotcntial heights (dam, solid lines) al the 700 hPa 
surface for (a) 24 h and (h) 36 h into the simulation. Contours identical to Fig. 2.3 . 
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system. This further indicates the potential importance of the squall systcm in the 

intensification of the baroc1inic wavc and in the gcncration of the pha'ie lag. This 

importance is c1early evidenced by comparing the large-scale tlow hetwœn 1200 lJTC 10 

June and 0000 UTe 12 June (cf. Figs. 2.3 and 3.8c), namcly, thc wind speeds hehind the 

trough axis had nearly doubled, and the phase lag between the pressure and thermal wave 

was markedly larger. 

Fig. 3.9 shows the same fields from the 24- and 36-h simulations, valid at 1200 

UTe Il June and 0000 UTe 12 June, respectively. As can be seen, the model reproducc:-. 

weil the intensification of the height and thermal wave~ and the phase lag hctwcen them. 

In fact, the effects of the squall system on the ~tructure and evolution 01 the helght wavc 

are more apparent in the simulatIon. At the cnd of the 36-h ~imulation, these two waves 

arrive at positions with intensity and orientations sinular to the ()h~el ved. 

The conclusions we have reached from the bchavlOur of the 700 hPa tlow must he 

considered with care, however, since this level is very close to the highest topography of 

the model domain (Le, the Rocky Mountains). Therefore, it is worthwlllie to check if 

similar characteristics could be found at higher levels, say, 600 hPa, Il I~ evident lrom rig. 

3.10 that the same sequence of events were also reproduccd at 600 hPa, :-.uch a~ the 

acceleration of the height trough between 12 and 24 hours inta the simulation, concurrent 

phase lag production, and the marked intensification of the helght and thermal wave:-. at 36 

h. 

Finally, to further iIlustrate the potential ~ignificance of the ~quall line on the large­

scale flow, Fig. 3.11 shows the accumulated model precipitatIOn durmg the :-.quall periml 

(9-24h) and the post-squall period (24-36h), from the explicit (da~hed linc'.;) and 

convective (solid lines) schemes. Since ZGP ~howed that the modcl-~imulated rainfall 

magnitude and distribution during the tirst 18 h compare favorably tn JH8W ... analy ... is, wc 

should believe that the simulated rainfall during and aftef the di~sipatlOn of the ~quall 

system would not depart significantly from the observed, Thu~, only the ~imulated rainfall 
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a) 

b) 

Fig. 3.10 Distribution of flOO hPa gcopotential at intcrvals of 3 dam, and temperature al intervals of 3 
oC, for (a) model initial time (1200 UTC 10 June 1985); (b) 12 h; (c) 24 h and (d) 36 h 
simulation. Gcopotential and tcmperature troughs are indicatcd by dot-dashed Unes . 
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a) 

b) 

Fig. 3.11 Accumulatcd convective (solid \ines) and grid·scale (dashed lines) model precipitation for 
(a) 9-24 h, and (b) 24-36 h simulation period, at inlcrvals of 5 mm. Convective and grid­
scale precipitation rates abovr 5 mm h· l al the end of each period are indicated by cross­
hatching and hatching, rcspcclivcly. 
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information is used here to infer the importance of latent heating. Il is evident l'rom Fig. 

3.lla that the grid-scale precipitation dominated over the convective throughout the 

lifetime of the squall line; it has two centers of more than 25 mm acclIlllulated aclOss 

Kansas. Note that since the grid-scale rainfall is generuted in the FTR ascending tlow. il 

includes precipitation from both the leading convective region and the trailing stl1ltifnrm 

region. Note also that most of the precipitation associated with the squall system is 

confined to the states of Kansas and Oklahoma, particlllarly for the convective l'am l'al 1. As 

the squall system decays and moves out of the network, the convective rainfall dccreases 

rapidly, while the grid-scale precipitation increases slightly because of more moisture 

content being transported northward in the southerly current. Thus, an area of over 25 mm 

accumulated rainfall is distributed over southern Iowa. This increase of the grid-scalc 

precipitation coincides with the more rapid spin-up of the surface cyclone as it i!-. Illerged 

with the wake low. A similar onset of Iight rain was also reportcd by sevelal ~tat\Ons near 

the centf"f of the cyclone at 1200 UTe 11 June (not shown). By l:ompanson, the 

precipitation structure in the 12 h that followed the dissipation of the squall line (Fig. 

3.llb) is dominated by large-scale forcing associated with the cyclone. In particular, the 

line of convection is associated with the cold front, while the extensive stratiform rcgioll to 

the north is evidently linked to large-scale aseent north of the low, as is charactcristic of 

baroclinic disturbances . 
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Chapter 4 - Effects of the squailline and large-scale 
baroclinity 

ft is evident from the results presented in Chapter 3 that both the squall system and 

the pre-existing large-scale baroclinity have played important but different roles in the 

subsequent surface cyclogenesis. Thus, in this chapter we will examine to what extent these 

two different processes contribute to the genesis of the surface cyclone. We will first 

provide a review of the previous studies on the effects of latent heating on cyclogenesis and 

determine if the surface cyclogenesis in the present case cou Id he clarified with the existing 

knowledge. Then we will investigate separately the effects of the squall system vs. large-

seale baroclinity on the surface cyclogenesis, and examine their three-dimensional 

structures . 

4.1 Previous studies 

Considerable research effort has been devoted in the past to the understanding of 

the cffects of latent heating on extratropical cyclogenesis. The earliest study could he traced 

buck to the Nineteenth Century, when the first mechanism proposed to explain midlatitude 

cyclogencsis was latent heat released From precipitation near the center of storms (see 

Kutzbach 1979 for a review). Prevailing thought then shifted from this essentially thermal 

origin of cyclones to a more dynamical one, with succession of the pioneering work of 

Margules (1903) on the dry energetics of storms to the creation of the famous Bergen 

School of cyclones in the 1920s, and to the breakthrough of baroclinic theory by Charney 

( 1947) and Eady (1949). According to th.~ theorj, strong temperature gradients, low static 

stability, il phase lag between the mass and wind fields and a preferred wavelength are the 

ncccssary conditions for baroclinic development. 
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The interests in the latent heating em~cts werc revived in the 1950s with the 

introduction of numerical weather prediction models. Earlier nUlllerical studies, such ~.s 

Aubert (1957) and Oanard (1964, 1966), used qt:asi-gcostrophic Illodels to examine the 

importance of latent heating on cyclone-sc ale motions. These studies dcmon~trated that 

latent heating from precipitation tends to increase the uppcr-Ievcl and dccrease the lower­

level height of isobaric surfaces, thereby leading to the deepcnmg of cyclones and 

acceleration of their movement. The deepening of cyclones was shown to he achieved 

through production of additional available potential energy and an incrcascd mte of kinetic 

energy generation. Note, though, that these eartier modeling studies considercd only the 

grid-scale (> 100 km) condensation. The growing attention was paid to the IOle~ of cumulus 

convection on extratropical cyclogenesis after Riehl and Malkus (1961), C'harney and 

Eliassen (1964) and Kuo (1965) established the importance of cUlllulus convection 111 the 

developmellt of tropical disturbances. For example, Tracton (1973) aild Bosart (19H 1 ) 

argued that cumulus convection in the vicinity of the cyclone center could play a crucial part 

in the rapid intensification and even in the initiation of cyclones. Gyakulll (19H3) showcd 

evidence to suggest that the extreme development of the Queen Elizabeth Il cyclone wa~ li 

result of the latent heat release in organized cumulus convection. Results of Traclon ( 1973) 

and Gyakum (1983) also exhibited greater deepcning rate~ when a higher proportion of 

convective heating was released in the lower troposphere. These results have sigllilicant 

implications with respect to the relative imp0l1ance of convective vs. stratiform precipitation 

in surface cyclogenesis. This is because stratiform precipitation generally produces li hcating 

maximum at a relatively lower level than cumulus convection, thus bcing more favorahle for 

eyc1ogenesis. This has been later confirmed by nurncrical simulations of Anthcs and Kcyscr 

(1979), Anthes et al. (1983) and others in which both eumulw. parameterizatlon and grid­

seale condensation were implemented. 
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A numbcr of more recent studies have stressed that the impact of diabatic heating on 

cyclogenc~is, whether it he stratiform or convective in nature, should he viewed as a 

nonlinear problem rather than a simple Iinear addition to dry dynamics (e.g., Smith et al. 

1984; Uœcllmi ct al. 1987; Pauley and Smith 1988; Kuo et al. 1991). Attempts at gaining 

more physical msight into this nonlincarity have also been made, with the isentropic potential 

vorticity (lPV) perspective (Hoskins et al. 1985; Davis and Emanuel 1991), to isolate the 

effects of non-conservativc processes on dry dynamics. Latent heating in the ascending flow 

will incrcase the magnitude of IPV below and decrease it above, thereby enhancing the 10w­

Icvel cyclonic circulation. However, a recent study by Davis et al. (1993) shows that such a 

superposition of positive IPV onto the dry dynamics does not alter the basic development 

mechanism of cyclones. In other words, the se systems are baroclinically driven in nature and 

they arc only modulated by diabatic heating. 

Dcspite the considerable research interests in extratropical cyclones, a majority of 

thesc studies only focused on rapldly deepening sturms that occurred during the cold season 

or over oceans. Little attention has been paid to extratropical cyclones that developed 

within weak baroclinic environments or during the growing season. However, a growing 

number of studles on mesocyclones, that developed during the summertime, have appeared 

in the rcccnt literature (e.g., Houze 1977; Zhang and Fritsch 1987, 1988; Brandes 1990; 

Bartcls and Maddox 1991; Johnson and Bartels 1992; Zhang 1992). In contrast to the 

baroclinic systems discussed above, these mesocyclones, ranging from 50 to 500 km, are 

convectively driven in nature and mostly associated with organized MeSs. Zhang and 

Fritsch (198801) and Zhang (1992) have provided extensive discussions on the mechanisms 

of mesocyc1ogenesis: one could he induced by low- to midlevel latent heat release in 

Illcsoscale ascent (Bosart and Sanders 1981; Zhang and Fritsch 1988b; Menard and Fritsch 

1989). and the other induced by mid- to upper-Ievel diabatic cooling in mesoscale descent 

(Brandes 1990; Biggerstaff and Houze 1991b; Zhang 1992). For a warming-induced 
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mesocyclone, a midlevel warm-core structure is cxpected whcn latent heating excceds 

upward adiabatic cooling, and the cyclonic circulation will bc maintaincd through the 

thermal wind relationship. By comparison. a cooling-indueed Illesocyc\one is charaetel'Îl,cd 

by diabatic cooling above and adiabatic warming bclow. so lts genesis OCCUl s initrally 

through tilting of horizontal vorticity associated with vcrt ieul ~hcar and later enhaneed hy 

vortex stretching. These results have led Zhang (1992) to conclude that low-to-nudlcvel 

mesocyclones may he the basic dynamic effeets of Mess on thcir lurgcr-seule environmcnts. 

since they can he induced by either latent heating (in rncsoseale aseent) or Cllohng (in 

mesoscale descent). 

Apparently, the previous studies of eyclogcncsis havc foeused on eithcr large-seale 

baroclinically-driven or mesoscale convectively-driven systems. In the prescnt case. the 

surface cyclogenesis occurred clearly as a result of thc strong interaction hctwecn the slluall 

system and large-sc ale baroclinity. Specifieally, the present squall Hne was initiatcd hy 

baroclinic forcing, and then the surface cyclogenesis did not take place lUltil a/iet' the 

dissipation of the Mes. This scenario raises several intercsting questIons. For exarnple, 

would the surface cyclogenesis occur without the àevelopment of the slIuall system'! If the 

role of the squall system was crucial, why didn't the genesis take place in pace with the 

squall's intensification? Or if both the large-seale baroclinity and ~quall systcm werc cqually 

important, how did they interact with each other? and to what extent do they eontributc 

individually to the cyclogenesis? Furthermore, it has been shown that thc rnidlevel ~hort 

wave in the present case propagated much faster th an the thermal wave, resulting in a phase 

lag more favorable for cyclogenesi~. Thus, what proccs~es arc involvcd in the dcveloprncnt 

of such a phase lag? since this phenomenon has not been explored in previous studies. 
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4.2 Individual roles of moist convection and large-scale processes 

Wc have shown in Chapter 3 that, in spite of minor differences, the model 

performed extrerncly weil in reproducing the observations, particularly the key events of 

the squallline dissipation and the subsequent surface cyclogenesis. Therefore we should be 

confident that the model simulation can be used to provide a deeper understanding of the 

dynamical processes leading to the surface cyclogenesis. 

To isolate the effccts of large-scale baroclinity on the surface cyclogenesis, a 

scn~ilivity simulation was conducted ("dry" run), in which neither convective nor grid·scale 

condcnsntlon were included, white keeping all the other physical parameters identical to the 

control run ("rnoi~t" run). Without the forcing from the diabatic heating, the model 

ntmospheric circulations were only dorninated by advective processes. This presumably 

represents the "truc" evolution of the large-scale environ ment without the influence of the 

squall system. The SImulation wi1l also help reveal whether or not the pressure perturbations 

and low-to-midlevel baroclinity at the model initial time would lead to the surface 

cyclogenesis at the end of the 36-h integration. Comparisons between "dry" and "moi st" 

runs will also providc insight into the effects of the squall system on the surface cyclones. 

a) E.ltecl (~l the lllrge-scaie baroclinicity 

Fig. 4. 1 shows thc large-scale perspective of 36-h simulated sea-Ievel pressure and 

1000-600 hPa thickness from the "dry" run, as compared to that from the "moist" run. Of 

particular interest is that in spite of no latent heating a surface cyclone has also developed at 

the end of the 36 h integration. As shown in Zhang and Gao (1989, see their Fig. 18), there 

is tiule evidence on the development of organized cycIonic circulation even up to 18 h into 

the simulation. Only a pressure trough is located ahead of the surface cold front; but its 

central pressure has decreased from 1009 to 1005 hPa during the first 18 hours. The surface 
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a) 

b) 

Fig. 4.1 Distribution of sea-level pressure (solid lines) al intervals of 2 hPa, and 1000-600 bPa 
tbicknesses (dashed Unes) al intervals of 3 dam, from (a) 36 h "dry" run and (b) 36 h "mois," 
run. Heavy solid lines denote the position of cross-seclions used in Figs. 4.3, 4.4 and 4.5. 
Pressures labeled as in Figs. 3.1-6. 
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Fig. 4.2 As in Fig. 3.10d but for "dry" run . 
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pressure pattern does not become cyclonically organized until after 21 h intn the simulation. 

but with little changes in intensity thcrcafter. PClhaps such a ~cqllcnce of the cyl'lnnu: 

evolution ShOllld be expected whcn considering the mteractlOll of a cold hont \VIth a htgh 

topography (i.e., the Rocky Mountains). Spccilically. the initIaI pha~e lag bcl\wcn thc 

height and thermal waves (see Fig. 2.3) wou Id lead 10 the intensifIcation 01 the low that I~ 

originally located over western Nebraska at 1200 UTe 10 .lune. If thac \Vl'IC no 

topography. The organized surface cyclone fails to devcIop 111 Ihe flt'~1 1 R hOlll~. hecau~l' the 

large-seale baroclinicity is relatively weak and it mny he ovelpowelcd hy the topoglaplllcal 

forcing, as the cold front accclerates downslopc of the high plateau. The ~y~tl'Ill then 

becomes more dlctated by baroclinte theory a~ it moves l'al away t'Will thl' Rocky 

Mountains. However, the occurrence of httle dccpcnlllg dlll'ing the second 1 X-h pl'llod 

suggests that there rnay be little available potentinl energy for "-metlc enelgy production, 

The distribution of 600-hPa height and tcmpcratule structures, a., givcn 111 FIg. 4.2, ~hows 

that this is indeed the case. Namcly, very httlc phase lag i~ presenl al the cnd 01 ~6"h 

simulation, as compared to that at the model initial time. Il rollow~ that the 111 lirai ~h()rt 

wave and the cold advection behind it, though weak and shallow, have sOll1e lI11paet 011 the 

genesis of the present surface cyclone, and the genesis proces~e~ tend to reducc the pha!-.e 

lag between the height and thermal waves, as predicted by harochntc theory. 

b) Effect ofmoist convection 

Now let us examine the effects of mcluding latent heat release Of the !'.quall sy~tcm 

on the surface cyc1ogenesls. Several dlfference~ helween the "mol~l" and "dry" nan~ can he 

immediately secn by comparing Fig. 4.1 a and 4.1 b. Flr!-.t, the ~lIrfacc cyclone 111 the pre\ence 

of the squall system moves rnuch faster than the "dry" one. The dll1ercnce J11 pmltion IS 

about 750 km by the end of the 36-h integration. The ~lower movcmcnt in the ahsencc. of 

latent heat release has also been noted by Aubert (1957) and K uo cl al. (1991) in 

association with more rapidly deepening surface cyclones. Second, the \urfacc Jow in the 
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pre ... encc of the !-.quall-Ime convection is 5 hPa deeper, a phenomenon that has been found in 

many of the prcvlou!-. ~tudle~. Third, the ... patial ~cale of the "moi st" cyclone is much greater, 

notahly along the NE-SW dlr('ction, th an that of the "dry" one. The greater extent implies 

the larger incrtml of the circulation and more kinetic energy content associated with the 

perturhatlOn. In other words, more rapld deepening of the "moi st" cyclone could be 

expectcd Ir it~ hOJlJ:ontal cxtent wcre similar to the "dry" cyclone. Fourth and perhaps more 

o,igmlkantly, indudmg the ~quall ~y~tem re~ults in a marked increase of large-scale 

harodiniclty m the lower hall' of the troposphere. As shown in Fig. 4.1, the 1000-600 hPa 

thid .. nc!-.o, gradicnt!-. bctwecn the leadmg edge of the cold front and the coldest point (i.e., the 

point 'C') are about 210 m and 120 m, respectively, in the "moist" and "dry" runs. The 90 

III diflcrencc In thlckness repl'e~ent'\ an increase of a 6 K mean-temperature gradient across 

that dl~tancc in the lower troposphere. This IS c1early a pronounced contribution of deep 

convection to the large-seale cnvironment and one of the Important factors in explaining the 

more rapld devclopmcnt of the "moi st" cyclone. 

While thc thickncs~ gradient in the "moist" run is nearly twice as large as that in the 

"dry" run, the posIlions of the thickness troughs in these two simulations are very similar. 

namcly. they arc oriented roughly from eastern Nebraska to northern Texas. A similar 

:-'ltliatlOn also occurs wlth the 600 hPa thermal waves in these two runs (cf. Figs. 3.lOd and 

4.2). This imphcs thllt the propllgatlon of the thermal wave is primarily governed by large­

:-.cale or adiabatic plOcesscs, in spite of the substanti .• l enhancement of baroclinicity by moist 

convectIon. 

Note that the thickness trough lIxes also lag behind the closed surface cyclones in 

holh simulations. a Iypical characteristic of baroclinie systems (see Holton 1979). However. 

the lag In the prc~cncc of convection, as also appeared in midlevels, is much greater. As 

have hccn dcmon~tratcrl by previous studies (e.g., Aubert 1957~ Chang et al. 1982), 

organil.cd latent heat release will result in pressure falls below the level of maximum heating 

and prcs:-,ule riscs 'lloft. In the present case, the tremendous amount of net warming 
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(cooling) associated with the FfR (RTF) flow, as shown in Zhang and Gan ( 19X9. sel' tltcir 

Fig. 20), would produce midlevel pressure dcticlts on the scale of the squall sy:-.tel11. tlll.'I"l'hy 

enhancing the midlevel short wave and forcing it to propagate wlth Ihe system. Thi~ feature 

has also been noted in other case studies, e.g., by Zhang and Fritsch (19X6. 19XXa). In fact, 

we have seen in Chapter 3 that the movement of the nudlevcl short wavc coincldcs wlth thl' 

evolution of the squall' s cloud shields. Furthcrmore, Zhang and Gao (19X9) havc :-.hown 

that the squall system propagates much slowel when the parametcrized downdtalts in the 

FC scheme was turned off. Apparently, the co Id downdran~ assoclatcd with thc 

parameterized convection and stratiform (grid-scalc) precipitatIon tend 10 a~sist the MeS 

accelerate forward. Thus the propagation of the system is determilllxl hy the IIlteraetion 

between the convectively generated downdraft~ and condltionally lIn~tahlc cnvllonmcnt 

ahead of the squallline. Then, the squall system leaves bchind a bulk of cold air ma~s, ~() thl' 

barochnicity is enhanced and spread out into a larger area more l1Iatkedly in the lower 

layers. Since the midlevel thermal wave is basically adiahatically dnvcn and the pre~~lIIe 

wave is convectively driven, these two diffcrent proccsscs wOllld naturally rC~L11t 111 a pha~e 

lag between the two wavcs, a~ exactly occurrcd in the pre~ent ca~e. BecaLl~e 01 the pha~c 

lag, stronger cold (warm) advection occur~ bchind (ahcad of) the trough aXI~ III the "mol~t" 

case th an that in the "dry" case (~ee Flgs. 4.1 and 3.lOd). Furthermolc, a~ the ~urfacc 

cyclone deepens, the thermal wave also intcnMfie~ as a con~cqucl1l:e of enhanced cold 

advection behind the trough axi~, therehy crcating a positive fecdhack helween the two 

types of waves. These processes clearly accounl for the per~i ~tcnt dcepcning of t he ~1II race 

cyclone as it moves toward the Atlantic Ocean. 

c) Interaction between moist convection and ils larRer-scale env;ronment 

The phase lag described above could abo he con~idercd a~ a product of the 

interaction between the squall sy~lem and the large-~cale envlronrnent during the ~qllall's 

life cycle. As mentioned previously, the ~quall hnc was initiatcd hy the haroclinic forcing 
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as~oeiated with the eold front and midlevel short wave. However, the subsequent 

developrncnt of the squall system i~ determined by convective interaction with potentially 

un~table conditions in the prefrontal environment. The larger-seale baroclinic environ ment 

only provide~ a favorable condition for but doe~ not control the evolution of the system. 

Zhang ct al. (1989) showed that the squallline decays as it advances into the conditionally 

less un~table environ ment to the east of the PRE-STORM network, even though the large­

scale haroclinic forcing has significantly increased. New organized convective development 

along the cold front and stratiform precipitation near the cyclone center do not occur until 

1800 UTe June Il (see Fig. 3.7d), when the cyclone intensifies and the daytime boundary­

layer developrnent regenerates a potentially unstable environment. 

According to baroclinic theory, as long as the phase lag is present, more available 

potenhal energy will he converted 10 kinetic energy for cyclonic development. However, 

dllring the ~qllall's period, the energy conversion is dorninated by convectively generated 

circulatIons, ~uch as the FTR ascending and RTF deseending flows, and midlevel 

mesovortlces. Such circulations favor the development of rnesohighs and wake lows (see 

JH88; Zhang and Gao 1989) superposed on the larger-scale surface trough, as shown in 

Chapter 3. Thus, the baroclinic spin-up of the surface cyclone could not become evident 

lIntil the squall system dissipates and the convectively generated perturbations are absorbed 

by largcr-scale tlow. Nevertheless, the inerease in the phase lag may account for the 

continucd expansion and slow deepening of the laner-scale surface pressure trough even 

during the squaWs life cycle. 

Whilc the cyclonic developrnent mechanism after the squaWs dissipation could he 

viewcd as bcing similar to that in the "dry" cyclone, it should be realized that it is the 

diabatic hcating associated with the squall system that produces such a baroclinically 

t~lvorablc configuration. Furthermore, the large-scale baroclinicity has been substantially 

cnhanccd by the deveiopment of the MeS, and through its subsequent interaction with the 

amplificd short wa\e. Thus we may state that the baroclinic forcing is responsible for the 
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initiation of deep convection along the squall linc, whereas thc squall systcm co1/ditio1/,\' the 

baroclinic environment for subsequent cyclonic dcvclopment. Withollt the moist l:onvcetion. 

the surface cyclone would be much weaker, have much smaller cxtent. and perhaps last 

much shorter, 

d) Vertical structure of the cyclone 

To fllrther illustrate the mteraction betwcen the squall linc and the large-seale 

baroclinity, Figs. 4.3a,b show E-W vertical cross sections of hetght ami tcmpcratllle 

deviations at the end of the 36-h integration from "moi st" and "dry" run~. rcspcetivcly. The 

cross sections are takcn along the same line and lOughly through the cyclone œntets in 

these two simulations. Ali deviations arc obtained by deducting thetr pre~sU\e-levcl avcrage~ 

in the cross section. One can see that the troughs of height dcviations 111 hoth the "moist" 

and "dry" runs tilt westward with height, and so do the temperaturc troughs. Tilts type of 

vertical structure is a typical characteristic of baroclinic wavcs. I-Iowever. the we~twatd tilt 

as weil as the phase lag between the height and thermal troughs i~ l11uch greater when 

convective effeets are included. Furthermore, moist convcction enhanœs ~ubstantially the 

large-scale baroclinicity in a deep layer of the troposphere, more ~ignilicantly around the 

trough axis of the short wave. The convectively gcnerated thcrmal gradtcnt tS a~ ~lrong as 

14°C/600 km up to 600 hPa. Most of the differencc~ occur helween the œnters of the 

"moi st" and "dry" cyclones. The "moi st" cyclone t~ now displaccd approximalely 

underneath the upper-Ievcl height ridge. 

To understand the net effects of moist convection on it~ larger-~calc envtronmcnt 

throughout the troposphcre, Fig. 4.4 shows the hcight and tcrnpcraturc dtffercncc~ hctween 

the two simulations (i.e., "mobt" minus "dry") along the ~ame cro!'..., ~cclton a!'. lJl fig. 4.3. 

In general, moist convection produces net warming above the ~hort-wavc trough aXI!'. with a 

maximum value of >8 K occurring near 300 hPa and nct cooling bclow with a minimum 

value of < -10 K occurring in the 10west layers. In particular, moi st convection gencratc~ a 
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Fig. 4.3 Vertical cross-sections of height deviations (solid lines) al intervals of 20 m, and temperature 
deviaûons (dashed Iines) at intervals of 2°C for (a) 36 h "moist" run and (b) 36 h "dry" run, 
00111 taken along line in Fig. 4.1. Deviations were takcn from pressure-level averages along 
the cross-sections. West is on the left. 
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Fig. 4.4 Vertical cross-section of actual (not deviations) height and tcmperature diffcrcnces betwccn 
the "moist" and "dry" runs (i.e., "moist" minus "dry"), along the same line and with same 

contour intervals as in Fig. 4.3 . 
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deep layer of col der air mas~ (up to 600 hPa) on a scale of more than 1500 km. This further 

indicate~ the importance of deep convection, through moist downdrafts, in enhancing the 

large-scale haroclinicity. Clearly, ~uch strong warmmg and eooling over a large scale could 

hydro'itatlcally produce a ~ignificant influence on the midlevel pressure wave; the net result 

I~ a height deficit of more th an 80 m near 600 hPa. Diabatic heating also produces a net 

height ri!o.e zone throughout the troposphere over the cyclone center. Of particular interest is 

that, ln the prc!o.cnt case, the height deficit and rise centers are not coherently distributed in 

the vertical. In this scnse, we should not treat the effects of latent heat release on the surface 

cyc10genesis as a simple linear addition to the "dry" dynamies, especially when considering 

the cumulativc mfluence of moist convection in a sheared environment. Specifically, the net 

hcighl 1 ise, corresponding 10 a net warming column up to 200 hPa over the cyclone center, 

may be more associated with the immediate thermodynamic effect of latent heating, just like 

that associated with convectively-driven mesocyc1ones. The occurrence of little cooling 

below and localized warming near 800 hPa indicates that the grid-scale condensation is 

dominant over the cyclone center. In contrast, the height deficit, maximized at the top 

leading edge of the eold pool, is more or less dynamically generated as a result of mass 

evacuation as the eolder air subsides. Il would generally take several hours for an MCS to 

build sllch a depth of cold pool. For example, in the present case the time seale is about 8.5 

hours, assuming a propagation spced of 16 m ç 1 from the leading edge of the cool pool at 

the surface to the location of the mldlevel low center. During this period, the large-seale 

circulatton has been substantially altered even just through baroclinic energy conversion 

proccsscs. Clcarly. this nonlincar aspect of organized MCSs is c10sely associated with moist 

downdnlfts. which have becn ignored in previous cyclogenesis studies. 

Finally. F!g. 4.:; compares the relative vorticity field from the two simulations. The 

cyc10nic tlow compone nt eoneentrates roughly along the height-wave trough axis, since the 

tlow has becn ncarly balanced with the mass field at the end of the 36-h integration. It is of 

intercst that the large-seale proeesses in the control run still tends to produce sorne cyclonic 
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Fig.4.5 Vertical cross-section of 36-h simulat.ed relative vorticity at intervals of 5)( 10-5 s·1 from 
(a) the "moist" run and (b) the "dry" run, and taken a10ng same line as in Fig. 4.3. SoUd 
(dashed) Unes represent posiûve (negalive) values. Superposed are positions of troughs in 
height deviaûons (dot-dashed lines) as inferred from Fig. 4.3. 
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flow beneath the uppcr-Ievel vorticity center, as does with the "dry" cyclone. The model 

output mdicatc~ that thill feature was related to a short wave that originated over Alberta at 

the initial time and propagated southeastward during the 36-h period. The wave also 

scemed tu produce an incrcallc in the wavelength of the midlevel circulation, as mentioned 

in the prcccdmg chapter. Note that the relative vorticity is maxioùzed at the upper level 

(above 500 hPa) and near 900 hPa, particularly for the "moi st" cyclone. This indicates that 

the surface cydogenesis in the present case is much less affected by large-seale vorticity 

advection th an other forcing, e.g., stretching and tilting. This will he discussed in the next 

suhllection. 

e) From li me.w/ow 10 li surface cyclone 

So far wc have discussed how the larger-scale environment evolved from weak 

haroclinically drIven to more convectively driven and then to moderate baroclinically driven . 

A natural question is: how do these variations affect the evolution of the surface cyclone 

l'rom a mesolow ahead of the surface cold front at the initial time, then to a pre-squall 

mesolow during the squall's period, and ultimately to the formation of a large-scale 

cyclone? 

Il was shown in Fig. 2.4 that a closed cyclonic circulation and a 1009 hPa low were 

initiully located over western Nebraska. A cold front extended from the low southwestward, 

and li short wave trollgh was also present in midlcvels. ZGP (sec their Fig. 9) showed that, 

during the first 9 ho urs of the simulatIOn, the mesolow traveled southeastward to western 

Kansas, whcrc it interacted wlth a warm front and initiated deep convection. Dliring this 

prc-sqllall pcriod, the mesolüw deepened to 1003 hPa. White part of this deepening can he 

attrihlltcd to the model adjustment between the mass and wind fields dllring the first 2-3 

hours of the simulntion, it was apparent that the cold front and the oùdlevel short-wave 

trough supported the surface low on its downslope trajectory from the foothills of the 

Rocky MOllntuins. Also, the large-scale cyclonic circulation remained centered around the 
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low, where convergence maintained upward motion above the low. As notcd in *4.2. li 

similar but slower baroclinic dcvelopmcnt occurred in the "dry" mn. il1lt,,:atmg that thl' 

mesolow was mainly driven by udiabatic forcing in the pre-sqllall pennd. AdditlOnal forcing 

came from moist downdrafts produced by moderate convection along Ihe cold front. 

As the squall line initiated ahead of the surface front. il generaled slrong updraft~ 

which quickly overwhelmed the weaker lIpward motion ahove Ihe l1le~olow. As shown in 

Hoxit et al. (1976), compensating subsidence formed in Ihe l111d- 10 lIpper-levcl~ lusl ahcall 

of the squallline, and provoked redllctions in surface pressllie. Thl~ pJ'c~umlloly fmCl'd Ihe 

mesolow to accelerate forward, which then became a pre-sqllall low. dllvcn oy ~uhsldcnœ 

rather th an upward motion. Meanwhile, evaporalive cooling produccd li sqllall IIlcsohigh 

behind the gust front, enhancing pressure gradients between the Illesohigh and the pll>~qllall 

low. The whole squall system then moved southeastward as Il intensified. 

Now let us examine the vertical structure of the surface cyclone following Ihc 

dissipation of the squall line. Figs. 4.6a-c show norlhwcst-southcasl cross-sccllons of 

relative vorticity, superposed by tlow vectors along the verltcal plane, rollghly Ihrough the 

cyclone center from 18, 24 and 30 h simulations. Also shown arc Ihe axes 01 heighl 

deviation troughs (dot-dashed tines). Dunng the di~sipatlOn stage, I.e., al 1 H h, Ihcre arc 

two height troughs that tilt westward with height: one t'rom the ~urlacc pre-~qllall low <lnd 

the other from the wake low. A low- to mid-Ievel me~ovorlex i .... locatcd along Ihc 

convergence zone between the FTR <lscending and the RTF dc~ccndmg Ilow .... ( .... cc Zhang 

1992). There is Iittle cyclonic vorticlty as~ociated with both low -prc~ .. urc /.one~. Zhang 

(1992) showed that the major vortex i~ now intensifled a~ a rc~ult 01 vortex ~trclchjng "long 

the FfR/RTF interface. Evidently, the mass field "round the two I()w-pre~,urc :toile, i" not 

balanced with the in-situ winds. The two lows are ~till dominatcd by .... lIhsidencc, and thu~ 

maintained through adiabatic wanning. 

It should he noted that the vorticity ~tructures pre~cntcd abovc differ .. omewhat l'rom 

those given in Zhang (1992) because of the u~e of diffcrcnt location", along which the 
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Fig. 4.6 As in Fig. 4.5, but for (a) 18 h, (b) 24 h, and (c) 30 h into the "moist" ND, along lines A-B 
as indicated in Figs. 3.2,3.4 and 3.5, respectively, with wind vectors projected unto the. plane 
of the cross-sections. 
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vertical cross-sections are taken. It is found that the vortex centcr is gradually displacr\i 

downward and southeastward in the RTF descend mg tlow as the squall systcm dccays. 

Eventually, its vorticity is distributed along the leading cdgc of the colt! pool, and Ihll~ il 

enhances the cross-frontal circulations as Ihe cyclone intensilïc~. ThclI?forc thls Illcsovortcx 

does not play a direct role in the spin-up of the surface cyclone and will nol he dl~cllssed 

here. 

At 24 h, the wake low has merged into the pre-squall low to 1'01 m the SUI face cyclone, 

as discussed in Chapter 3. However, the structure of the Illcsovollcx wa~ altclcd 

substantially. Speclfically, as the vorticity forcing decreases, the lIppel pori Ion of Ihe 

mesovortex is rapidly advected away l'rom the hcight Irough duc 10 the plesellcc or stron/:!, 

vertical shear. It is later distributed into a larger area ahead of Ihe ~urlaœ cyclone. In 

contrast, the near-surface vortex remains behmd; hut it contmues 10 he pu shed lorward hy 

the descending cold current. The vortex rapidly intensifïe~ a~ Il IS dl~plaœd mtn Ihl' hl'Ighl 

trough, which corresponds to the merging of the two mesolows. Meanwlllle, Ihe wmd field 

gradually adjusts to the mass field, as evidenccd by thc wcstward tIlt of the vorticlty "lolJg 

the height trough. Of importance at this time is a ~hift in the sign 01 vel tical mollolJ 1 rom 

subsidence during the squall-active penod to relativcly strong upward motion ncar Ihe 

center of the surface cyclone. This strong upward motion I~ consistcnt wllh Ihe more rapld 

cyclonic development dunng this stage. 

At 1800 UTC Il June (Fig. 4.6c), the barochl1lc development carnet! on wilh 

eontinued spin-up of the low-Ievel vorticity, due to the increa~ed rate of cnl'I/:!,Y convcrsion. 

The low accelerated eastward, thus reducing the ~Iope of the height trough, along which Ihe 

cyclonic vorticity is distributed. Note the per~btent inten~e upward motion III the warm 

sector, further confirming the active conver~ion of potential into kinetlc energy. 

The results presented above c1early show the relattve importance of deep convection 

vs. the large-seale baroclinity in the final intenslty of the ~urfacc cyclone. Thc convcctively 

generated vortices tend to enhance the cyclonic ~pin-up and frontal circulation al'ter the 
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dls~lpation of the squall ~y~tem. The mid- to upper-Ievel portion of mesovortices is generally 

short-livcd in a baroclinic environment. Thus, only the balanced portion of these 

mc~ovorticcs could contribute to the surface cyclogenesis. In the present case, it occurs as 

the me~ovortcx becomes in balance with the surface low that evolves from convectively 

driven to baroclinically driven. Without the convective effects, the baroclinic processes can 

only producc a weakcr, ~maller and short-lived surface cyclone . 
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Chapter 5 - Summary and concluding remarks 

In this thesis, a 36-h, three-dimcnsional. high-resolution mlmerleal ~il1llllatlon 01 tl1l' 

10-11 June 1985 squall system has been lIscd to investlgate the IInp.ll't of an MCS on I:ugl'­

sc ale surface cyclogenesis. The present study extends the 1 R-h ~1Il11l1atlOn of the ca~t' hy 

Zhang et al. (1989) using the same ver~ion of the PSU/NC AR me~osl'all' Illode!. III wlllch 

the Fritsch-Chappell (1980) convective paramctcrlli.ltion and an cxphc.:it mlH~tl1\t' ~l'hcme 

were incorporated. The model is initialized at 1200 UTC 10 .lune 19R5 \VIth l'OltvL'lItlonal 

rawinsonde and surface observations, and veritied again~t ail avallahlc ~yn()ptlc and 

mesoscale data. The model simulates very weil the mitmtion of the ~qllall linc al Ill'ally thL' 

right place and right tlme 9 hours into the sImulation. A 111Idlcvcl ~hol t- wavc tlOugh abo 

assists the initiation of deep convection. The sqllall linc thcn IIltcn~ilïc~ and plOpagate~ 

southeastward as the system'~ cold downdrafts mtcract wlth an unstahlc plc-~tollll 

environment. During the mature stage, thc ~ql1all linc gcncrate~ typlcal ~lIrfaœ pll'~~lIlL' 

perturbations, such as a pre-squall low, a ~ql1all l11e~ohlgh. and wakc I()w~. which ,Ile 

embedded in a weak large-scale cyclonic circulation. Also weil handlcd hy the J110del arc a 

leading overturning updraft, an a!lcending ~ystem-rclative fronHo-rc:'1I (FTR) t1ow, and a 

descending rear-to-front (RTF) flow. The ~quall line dccay~ rapldly alter 21 hOlll<, a<, It 

advances into a more stable troposphcrc. Dunng thi~ dccaymg .,tage, the lIlodei acclll ately 

reproduces the merging of the squall'~ wake low with the prc-~qualllow, and thc <,uh.,equcnt 

deepening of the merged low. After the complete dl~"lpalion of the ... quall "y<,tCIll, the largc­

scale cyclonic circulation adju~ts gradually to the re.,ulting ma" ... field ami proJl1ote<, the lapld 

spin-up of the surface cyclone. In addition, the ~quall\ gu~t front enhancc~ the cold Itont to 

the southwest of the cyclone and helps increase cold advection hchmd the cyclonc. Bolh thc 

observations and simulation show that the cyclone acccicrate., ca ... tward and mcrca~c~ It~ 

horizontal extent as it intensifies baroclinically during the la.,t 12 hour~ of the pcnod. 
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To i~olate the effeet~ of deep convection vs. large-seale baroclinity on the surface 

cyd()gcnc~I\, a \cmitivlty .,imulation i~ eonducted in which convection is turned off. By 

companng thl~ "dry" run wlth the control, or "moist" run, it is found that the "dry" cyclone 

move~ much ~Iower, ha .. much ~maller horizontal extent, and IS much weaker th an the 

"nlOi~t" cyclone. When the "mobt" run is examined, the squallline modified substantially the 

large-~calc harochmc environment. Spccifically, the abundant diabatic heating in the FfR 

Ilow tends to deepcn the midlevel ~hort-wave trough and force it to move with the squall 

line. In contra~t, the mldlevel thermal trough is driven by large-scale adiabatic processes, so 

it remain~ far hchind the squallline. Thus, this leads to an increase 10 the phase lag between 

the height and thermal waves, as the squall system progresses eastward. Meanwhile, 

convecllvcly generated co Id downdrafts [orm an extensive cold pool of si;~able depth in the 

cold scctor of the baroclinic zone, thereby enhancing the lower tropospheric baroclinity. 

Thus the roles of the squall line are to cOllditioll the large-seale environment by enhancing 

the large-scale baroclimty and inereasing the available potential energy. Another role of the 

squall line is associated wlth the evolution of convectively generated mesovortices. In the 

present case, the squall tine produces a mesovortex in the convergence area along the 

I.:<'fR/RTF interface, and it quickly leans downshear as the system dissipates. Then, the upper 

portion of the vortex IS advected away in the sheared flow, whereas the near-surface portion 

remams hehind and moves into the center of the surface cyclone, thus aided in the spin-up of 

the surface cyclone. 

The lesults also ~how strong eVldence of the seai, .... mteraetions of an MeS with ils 

large-scOlie environmcnt. Specitically, the initial w' ~ baroclinity helps initiate deep 

convection along the squallline. Once imtiated, the squa l ; lint' is more or less driven by its 

own IIltcrnal circulations. The barochnie forcing only provides a favorable environment for 

the cvolullon of the squall system, ~ince it is overwhelmed by convectively generated 

clrclliation~. As the squall li ne rapidly intensifies and accelerates eastward, it enhanees the 

large-scale harodimty, and conditions the large-seale environment into a baroclinically more 
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favorable configuration. Therefore, once the convective forcmg weakens. the haroclinic 

development mechanisms take over, lcading to a more extensive and stronger smfaœ 

cyclone. 

Il is important 10 point out, however, that the conclusions wc have reached arc hased 

only on a single case. More case studies are necded to gcncraltze our findings. Our ICSUltS 

nevertheless undcrlinc the potential impact on accurately fore~a~ting the dcvclopmcnt of 

MeSs in order to capture these scale interactions. TIlIS rcqllilc~ the me of htgh-grid 

resolution, improved initial conditions and appropriate model physics. FfIIU"g s/lcl1 (/111'1111". 

quantitative precipitation forecllsts cOlllcl be in ser;oll.\· error, Ilot ollly li" slIh.\·l'llll(·1I1 

mesoscale events, but a/so for larger-scale systems weil re.\'(Jlved hy thl' mOllrl . 
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