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1. Introduction

The modernization of the National
Weather ServiceNWS) and a profusion of recent
field experiments are bringing an explosion of
mesoscale observations tothe megorological
community during the 1990's. These new
observational resources
unprecedented growth in o@womputingand data
handling capacitiéshave facilitated aenaissance
in our abilityto probe the mescale structure and
evolution of winer cyclones in acent years.
Many recentadvancesave proviled substnce for

sections: 2)winter cyclonesand cyclogenesis, 3)
jets, frontsand fronbgenesisand 4) precipitation
structure$. An effort is made to reviewhéoretical
and apgied aspects of each. In the section 5)
apgicaions are presented,and the final section

in combination withprovides a summary and brief discssion of

frortiers and new searchopportunities.  The
scope of this review is limited by space constraints
to mesoscale weather sgsts associated with cool
season cyclones.

a new generation of texts. For example, textbook®. Winter Cyclones and Cyclogenesis

by Carlson (1991pand Bluestein 992) focus on
synoptic and mesoscaleveather systms, while
Holton (1992) presents ampdated treabent of
thar dynamics. Krauand Busnger (1994) review
the air-sea interaction incyclones, and Houze
(1993) and Emanuel (1994) focus on thaamics
and structure of precipitating systems.

2.1. Theoretical Investigations

The objective of theoretical investigations
is to isolate fundamentalphysics and construct a
simple conceptual famework that can be used to
interpret more realistiand complex fow models.

In this review, progress during the period Despite technologicahdvances in our dliy to

1991-early 1994will be summarized. The review
is roughly divided into the following topical

1 Including: Genesis of AtlanticLows Experiment
(GALE) (Dirks et al. 1988), the CanadianAtlantic
Storms Project (CASP) (Stewart @&t 1987) along the
east coast of NorthAmerica, the Experiment on
Rapidly Intensifying Cyclones over the Atlantic
(ERICA) (Hadlock andKreitzberg 1988) that extended
detailed observationsfurther out to sea, theWinter

Icing and Storms Project(WISP) (Rasmussen et al.

1992), Lake Ontario Winter StormgLOWS) Project
(Reinking etal. 1993), STorm-scaleOperational and
ResearchMeteorology-FrontExperimentSystemTest
(STORM-FEST)field experiment inthe central United
States (Cunningand Williams 1993), the Ocean
Storms Project over the eastern Pacificean(Bond
and Shapiro 1991b), and FRONTS 87 in Europe
(Thorpe and Clough 1991).

2 The term “mesoscale”used in this paper refers to
horizontal dimensionsranging from a few tens of
kilometers to afew hundred kilometers. Thus, a
Doppler weather radar is atool that can make
observations ofmesoscaleweather phenomena; for
example air-flow in a thunderstorm.

3 For example, high speed workstations and
widespread use of CD ROMs for data dissemination.

forecast cyclogenesis, one cannot say that the
cyclone problem is solveéth the sense that a
complete intitive picture of cyclogenesis dsts.
Our ability to forecast the impact of mesoscale
weather systems il improve with the
sophistication of theconceptual models that we
can apply to the observatioasd numericalmodel
output. Within the domain of what has
tradtiondly been defied as “basic” research,
progress hasbeen bcused in anumber of related
concentrations of cyclone research including: rapid
cyclogenesis, upper tropospheric jets and
frontogenesis, lower dapospheric frontogenesis
and precipitation structures.

Satellite imagery has revealed that
cyclogenesis takes place on a continuum of scales
from large semi-permanent cyclones to vortices
within mesoscale cyclones, each of which form
within a range of physical environments. Possible
physical mechanisms that influence these
developments and which is dominant in a

4 The interrelation of these in an evolving cyclone and
their treatment inthe literature makedlistinctions
ambiguous at times, and some overlap unavoidable.



Table 1. Recent Field Experiments

Project

Area Reference

Genesis of Atlantic Lows Experiment (GALE)
Canadian Atlantic Storms Project (CASP)

the Atlantic (ERICA)

Winter Icing and Storms Project (WISP)

Lake Ontario Winter Storm@& OWS) Project

Storm-scale Operational and Research
Meteorology-Front Experiment System Test
(STORM-FEST)

Ocean Storms Pregt

east coast of North America
Experiment on Rapidly Intensifying Cyclones over Atlantic Ocean

Lake Ontario
central United States

eastern &ific Ocean

Dirkset al., 1988
Sewart et al., 1987
Hadlock and Kreitzberg, 1988]

Rasmussen et al., 1992
Reinking et al., 1993
Cunning and Williams, 1993

Bond and Shapiro, 1991b
Thorpe and Clough, 1991

FRONTS 87 Europe
particular situation are questions of
investigaion.  Several mechanisms @ast in

current instability theory that in combination or
alone might explain the formation of cyclones.
They include: baroclinic instality, conditional
instability of the scond kind (CISK air-sea
interaction instability and barotropic instability.
Barodinic instability, a hydrodynamic
instability arising from the eastence of a
meridional temperature gradieandhence thermal
wind, is a well acceptedhteoretical explanation of
cyclogenesis (Eady 1949). Thady normalmode
approach has been emtled to explain the
maintenance of upper-tropospheryngptic scale
waves (Rivest et al1992) and wave mean flow
interaction (Feldstei 1992). Recent work has
focused on examining theiiial value problem of
baroclinic gowth, following he observation that
large amplitude disturbances in theipper
troposphere are often present befoevelopment
commences (Farrelll984; Zehnder and Keyser
1991; Davis and Emanuel 1991;Finley and
Nathan1993; Swansorand Pierehumbert1994),
and has been applied to understanding lee
cyclogenesis (Bannon 1992) and downstream
energy popagation (Orlanskand Sheldon1993).
Orlanki and Gross 1994) study the orogphic
modification of cyclonesand find that baroclinic
development isenhancedwhere the dpography

active interadion betweencumulus convectionand the

large-scale circulationin which a positive éedback
develops between the cloud scalend the
developing vortex scale (Charnegnd Eliassen
1964). Large sensible heat fluxes oledr in
polar-air outbreaks over open water result in
significant convective available potentiaénergy
(CAPE), raising the possibility of CISK as a
mechanism in cyclogenesis in cold air masses, and
in the cores of some rapidly developing niitlae
cyclones (e.g., Businger 1991).

Air-sea interaction instality, in which
enhanced surface windssdt in anomaloudluxes
leading to deepeninghas been explored in the
context of cyclones that form in polar air
outbreaks (Emanueind Rotinno 1989). Results
from calculations using axi-symmetricumerical
models, show that the irsea interaction
hypothesis is consistent with obsed arctic low
development, with theeguirement that a pre-
existing disturbance aets a trigggng mechanism
before the air-sea interaction ingtdp can
operate. This twatage development isonsistent
with evidence for barocliniand surdce-flux driven
stages in the lifecycle of these disturbances
(Busingerand Baik1991). CraigandCho (1992)
show the importance ofpotential vorticity
formation associated with surfaceuftes as the
rea®n that growth in comma olds tends to be

slopes in the same direction as the isentropes, ammbnfined to the heating region on the cold air side

that vorticity growth is larger than that in
bardinic eddies that growover flat terrain.
Another area of theoretil investigation is the
non-linearity in the evolution of synoptic scale
cyclones,and the inflience of condensation in the
stiucture and evolution of baroclinic waves
(Robichaudand Lin 1991; Hedley and Yau 1991;
Grotjahn and Lai 1991; Davis et al. 1992;
Polavarapuand Péier 1993; Thorncroft et al.
1993; Whitaker and Davis 1994).

Paralleling the studies of the role of
baroclinic instability incyclone developmeriave
been anumber of studis that haveexamined the

of the jet.

Sinton and Heise 1993) investigate
frontal instability in a keared basic state, and
desribe two new unstable geostropRicmodes:
one characterized by barotropic insthy /, the

5 potential vorticity or absolut@otential vorticity is
the product ofthe absolutevorticity and the static
stability.

6 Geostrophic refers to balance between th€oriolis
force and the pressure gradient force.

7 Barotropic instability is a hydrodynamic wave

role of diabatic processes. Conditional Instabilityinstabi”ty associated with théworizontal shear in a

of the Second Kind (CISK) heory explains
cyclone formation as theesut of a cooperative

jet-like current, and grows by extracting kinetic
energy from the mean flow.



otheris a shdlow modecharacterized by a mixed scale cyclones that form oveand are relatively
bamtropic-barodinic instability. In some cases weakand last no morehtan 48 hoursgonfirming
thee modes ¢ad to triple the growth rate of the cortribution of sea surface flixes to the

unsheared waves. strengthand bngevity of thesdows (Shay-el and
Alpert 1991; Busiger 1991; Cresenti 1992;
2.2. Applied Science Alpert and Neeman 1992).

Subsynoptic lows that formover the

Significant esearch has concentrated onwaterin polar ar masesare generally referred to
the wealth of observational data available ésent  as polar lows. Bond and Shapiro (1991a) analyze a
years. For example, Wakimoto et al992, series of polar lows that formed in eversed shear
Neiman and Shapiro 1993, and Neiman et al. 1998ow associated along a occlusiorowtl band of a
document, with unprecedented déta an  mature midlatitude cyclone that occurred during the
explosivelydeepening marineyclone that formed Ocean Storms fieldexperiment, and dtribute
during the ERICA field experiment leading to new development to baroclinic processes. A number of
insights into the structure and evolution of these studies havedtused on polamlvs that form over
storms. Although sensitivity studies using the southernoceans (e.g., Fitchand Carleton
numerical models are continuing to provide1991). Climatological investigationsveal two
insights (e.g., Holt and Chang 1993), growing types of distusances, hose associated with
confidence in  high resolution numerical positive vorticity advectio§ aloft (Sinclair and
simulations are leading to increasingly detailed Cong 1992; Turner et al. 1993a&nd hose that
structural analyses of simulated cyclones, withform near Antarctica in areas of enhanced low level
comparisons to the observational data sets (Kuo éfarodinicity resdting from the clash between
al. 1991a,b;Reed et al.1993a,b; Chang et al. katabati€ flows off of the Antarctic plateau and
1993). The results of thesembined efforthave  warmer air from ovethe ocean (Bromwich 1991;
produced refined conceptual models of thedifele  Carrasco and Bromwich 1993; Turner et 2993b;
of midlatitude cyclones (e.g., the mariogclone  Fartinni and Buzzi 1993). Analogously,
model of Neiman and Shapiro 1993),cyclone differential surface fixes across the Gulf Stream
airflows (e.g., the fan model of air parcel result in low-level baroclinicity and an
trajecories, Kuo et al. 1992; Massnd Schultz  environmentconducive to mesacsalke cyclogenesis
1993), and mesoscale precipitatiorstructures (Huang and Raman 1991, 1992; Dogled Warner
within cyclones (Nieman et all993; Schultz and 1993a).
Mass 1993).

Rapid cyclogenesis is theqaluct of large 3. Jets, Fronts and Frontogenesis
scale dry cyclogenesis (Alberta et al991;
Bullock and Gyakum 1993) and moist 3.1. Theoretical Investigations
cyclogenesis acting othe mesoscale(Gyakum
1991; Fosdickand Smith 1991; Holt and Chang Progress has been made in our
1993). Preconditioning oftmospheric stality understanding of frontavolution and pppagation
and mdsture through susice fuxes (Kuo et al. through the application dheoretical models that
1991a;Reed et al.1993b; Cione et al. 1993), isolate the physical processes involved. For a
vorticity advection aloft (Wash et al1992; discusion of the history of frontal wave
Hirschbergand Fitsch 1991a,b;Roebber1993;  development the eader is referred to Joly and
Sortias et al. 1993and creation tlough dabatic  Thorpe (1991). Issueivestigated inelde non-
processes (Gyakum et al. 1993dhia1993), and linearity in frontogenesis Bpyd 1992; BLimen
baroclinic instability are important factors in rapid 1992a; Snyder et al.1993; Gamageand BLimen
cyclogenesis, with the relative contributionezich  1993), effects of dibdic heding (Moore 1991;
varying from case to case (Rogeasd Bosart Montgomery and Farlie1991; Bishopand Thorpe
1991; Lapenta and Seaman 1992). 1994a,b; CharandCho 1991;Lagouvardos et al.

Subsynoptic scaleyclones are a subject 1993; Castelli et al. 1993)and mpacts of
of continued research intete Tradtionally it has
been hought that these lows preferentially form

over _the_ ocean. Howev_er, a Cllmatol_oglcalg Positive vorticity advection(PVA) increasingwith
investigation of cyclones during GALE by Nielsen height, in the absence ofcompensating cold

and Dole (992), eveals that most cyclones ,qyection, induces upward motion to maintain

forming over the U.S. are of supsoptic scale. thermal wind balance in thatmosphere. Thus, PVA

Their study shows that only the strongegtiones aloft is found to be associated witbyclogenesis and

have a sizeconsistent with @ssical baroclinic the development of precipitation.

instability. Moreover, they show that subsynoptic® Katabatic flow is anyflow that moves down an
incline; usually negatively buoyant.




orography on theevolution and popagation of theory (Hoskins 1975) angerhaps two of the best
fronts (Williams etal. 1992; Blumen 1992b; known members of this diarchy. Diagnostic
Keuler et al.1992). Thorpe et al. (1993) show schemes based on qugsestrophictheory have
that in conditions of flow parallel to the main been applied to frontogenetiand cyclogenetic
Alpine chain, the mountains are a significantprocessesand the correlation bgeen them
source of potential vorticity anomalies in the through their relationship with baroclinicity
lower tropospherdue to frictonal processes, with (Sandersand Hoskins;1990; Lupo et al. 1992;
implications for both  frontogenesis and Sanders1993). Bames and Coéman {1993)
cyclogenesis. Details ofupper tropospheric desribe a new quasi-geostrophic scheme that is
undulations and their relation to cyclogendsaise capable ofseparating from the total QG forcing
also received attention (e.g., ks and Mechoso field the cross-isentrope, ageostrophic circulations
1991; Whitaker and Barciloh992, Hrschberg and asociated with jet-streak dynamics. As an
Fritsch 1993). extersion of Q-vector heory, Xu (992a)

A number ofpapers in @écent yeardhave introduces anewly defned geostrophic forcing
focused on potential vicity (PV) in diagnosing vector, the C-vector. By combining the two Q-
cyclogenesis (e.g., Reedadt 1992;Davis 1992a). vector componentequations with a thirdquasi-
The attention is the result of two attractive featureggeostrophic diagnosticequation for vertical
of this variable (Hoskins et al. 1985): i) its ageostrophic waicity, he poduces aomplete set
conservation for adiabatic and inviscid flomnd ii)  of diagnostic equations in the form of a three
fields of wind, temperatureand pressure in a dimensional vector.
domain can be obtained solely from knowledge of Semigeostrophy like quasigeostrophy
the PV distribution, proded a balnce condition depends orapproximate geostrophic balance, but
and reference state arpesfied and the mversion includes advection by thageostrophic wind and
problem is solved gbbdly with the proper can poduce a frontal sigularity in finite time.
boundaryconditions (the “invertibility principle”) For many nonlinearaspects of baroclinigvaves,
(e.g., Davis 1992b; Bmvning 1993). These simulations bagd semigeostrophic theoryhave
featres also make PV wuseful in diagnosing provided more rdistic represerdtions than the
frontogenesis (Coopeet al. 1992; Xu 1992b; simpler quasi-geostrophidheory (Davies et al.
Koshyk andCho 1992; Malardel et al. 1993) and 1991; Schar and Wernl1993; Magnusdottir and
physical mechanisms for rdiand formation, such Schubert 1991). When Snyder et al (1991)
as symmetridnstability!® (Cho and Chan 1991; compared a simulation using a full pitive
Jonesand Thorpe 1992; Cho 1993;Moore and equation model with one based on the
Lambert 1993). semigeostrophic equations, thegufd that the

Advances in representing andaghosing semigeostroplesi model errs inthe treatment of
frontal circulations in three dimensions usingterms involving ageostrophic vorticity. They then
traditional and more general equation systdiange  propose an equation sétat includes the dading-
been made. Istriving for conceptualgualitative  order dynamicalcontributions of theageostrophic
understanding, a hierarchy of silifipd theories vorticity, resulting in an improved simulation.
have been formulated over the years that starts
with the simplest balanced heory and progresses 3.2. Applied Science
to increasing complexity and  redstic
representtions, gradually approaching that of full The formation of fronts through a
primitive equation models.  Quasieostrophic  kinematic concentration of baclinicity in
theory (e.g.the Q-vectotl) and sengeostrophic  classical barodinic waves, results irever greater
temperature gradien@and $ea, until turbukence
limits the pocess. Therefore, a scalelependent
separation of the processes operating in fronts is
10 Symmetric instability, in which parcels that are almost impossibleand it is necessary to collect
stable to verticaland horizontal displacements, are data over a broad range of scales. Collecting such
unstable toslantwise displacementsoccurs in the gpservational data sets has been the focusaeht
presence of vertical sheaand may beregarded as a fie|g experiments2 . A number of investigations
special form of baroclinic instability in which the o0 to0sed on the structure of the pre-cold front,
perturbations are independent of thecoordinate ; . X . o

low-level jet, andits relationship to precipitation

parallel to the mean flow. ; .
11 The Q-vector indicates thehorizontal gradient of and cyclogenesis (fraons 1992;Benard et al.

vertical motion and the vertical gradient of the
ageostrophic wind component, asquired tomaintain
hydrostatic-and thermal-wind balance in théace of
the disruptiveadvections otemperatureandvorticity 12 For example, STORM-FEST inthe central United
(Hoskins et al. 1978; Holton 1992). States, and FRONTS'87 in Europe.




1992a; Kotroniand Lagouvardosl993; Dolye and thes structures have beenconducted in coastal
Wamer 1993c). Another series of rtigles  regions; along the northwest and east coasts of the
documents the impact @fdvancing cold, dry air at U.S., and west coast of Britain. Increasing
midtroposphec leveld3 on stability and the attertion has recently been paid to storm
formaion of convectiverainbandsand sgjuall lines  precipitation structures over the continental U.S.
(Businger et al. 1991; Martin et al. 1992). (Ramamurthy et al. 1991; Shields et al. 1991,
The orogaphic influence on fronts was Marwitz and Toth1993), and thewest coast of
recognized very early in the formulation of the Europe (agouvardos et al.1992; Kotroni and
Norwegian frontal model through the impact of theLagouvardos1993). Research focusing on the
Scandinavian mountains  (Bjdtnes 1919). region of winter cyclones in which precipitation
Recently, corsidelable improvement d@awards a transitions from rain to snow is rewed by
guantitativeunderstanding ofthis influence have  Stewart (1992).
beenachieved (see Bmen 1992band Egger and Analysis of output from primitive
Hoinka 1992 for eviews). Flow blocking by equation models igoncert with observainal data
mountain ranges results iow level frontogenesis has proven effectiveince the temporand gacial
and enhancement of precipitation as documented byesdution of the model output allows the
studies in both hemiheres (Dunn 1992, Bugjer  evolution of structures to be gived in ways
et al. 1991, Smith et al. 1991, Doyded Warner previously not possible (e.g., Reed et al.1993b;
1991, 1993c). The effects onirfow and  Riordan and Lin 1992; Doyle and Warner 1993c,d).
precipitaton over compx terrain during the Results of these studidstave found similaties
passage of frontal sygnhs were documented with (Schultz and Mas$993; Mcbean rad Stewart
(Campistron et al. 1991, Bruintjes et al. 1994). 1t1991), and differences from the alsic Nowegian
was separately found that turbulencemhanced in  model (e.g.,Kuo et al. 1991b; Neiman and
asociation with precipitation bands,and that the Shapiro 1993), and documented mesoscale
precipitation distribution was influenced by gravity variability in the precipitation structures within
waves excited bylow over themountains. Mass frontal zones (e.g., Neiman et 4993; Bond and
etal. (1994) explore the ageostrophécceleration  Shapiro 1991b; Wakimoto et al. 1992; Roux et al.
of a destructive arctic density current through a gajd993), kading theway to a more thaugh
in the British Columbia Coast Rangand its understanding of these featurasd the dynamics
me®sale and micoscale  structure over operating (e.g., Thorpeand Cbugh 1991;
northwestern Washington State. The nature of théeMaitre and Scialom 1991; Benard et al.
cold-sir damming along the eadtlopes of the 1992a,b). The role of precipitation typed the
Rockies was the subject sfudies by Mecikalski diabdic impact of evaporation on the mesoscale
and Tilley (1992) and Hatjerstan and Bleck circulationsin precipitation bandshasbeen pobed

(1991). (Clough and Fanks 1991;Gedzelmanand Arnold
o 1993), as has the infbnce of dferential surface
4. Precipitation Structures heating on these circulans (e.g., Segal and Arritt
1992).
The mesoscale organization of Propagating gravity waves are a

precipitation in winter stams hasreceived a great ubiquitous phenomena in the atmosphere that can
deal of attention during the padécade. A variety produce significant mesoscale weatbeents, such
of physical mechanisms have beeogmsed in the as strong gusty sate winds and clear-air
literature to explain the characteristics of turbulence that represent a seriousazard
mesoscale structure within  winter storms, paticularly to aviation interests. Gravitwaves
including frontal circulations, conditional have also been obsed to irtiate or enhance
symmetric instability (in which saturated air strong convection. Gossard and Hooke (19i&%)
parcels are unstable to slantwise ascent), inflectiofive mechanisms for the initiation of mesoscale
point instability4 and gravity wave irtiation, ~ gravity waves: i) orographic forcingii) shear
among othef® . Most observational studies of instability, iii) geostrophic adjustment processes,
iv) density mpuses (accelerating frots), and v)
convection. UccellinendKoch (1987) ague that
13 Hobbs et al. (1990usethe termcold front aloft ~ |&rg€ increases ageostrophyoccur in the right

(CFA) to denote cold-frontal zoneswhose bases are €Xt region when a jet streakapproaches an
above the surface in the lower or middle troposphere. infledionin theflow field. Fritts andLuo (1992)

14 Inflection point instabilityis a dynamicinstability —and Luo and Fitts (1993) examine the gravity
that arises from vorticitynaxima locatedat inflection ~ wave field hduced by amnbalanced>aussian jet,
points in vertical profiles of horizontal wind. and find that the scale and frequency of the forced
15 see Parsons and Hobbs (1983); BusiryetHobbs ~ waves are controlled by the hoontaland vetical
(1987) for reviews.




extent of the initial perturbation, with the models of the phenomerabserved Klass 1991;
adjustment occurring within an inertial period. Davis and Emanuel 1991).

Ramamurthy et al. (1993) detaieveral As a resut of experience duringecent
large gravity waves that impact the Midwest. Thefield experiments in which special &wsst centers
waves aredng lived and form in environments were operated toatkle the mesoscale &mast
consistent with theheory on ducting of gravity challenge, the benefit gfowerful worlstations for
waves (Lindzen and Turl®76). Lndzen and Tung assimilation and gaphical display was
showed thatvaves can belucted for bng periods demonstrated (e.g., &tvart 1991; Reinking et al
of time and over great horizontal istances if a 1993). The National Weather Service
stable lower troposphere is capped by a laypmve  modernization, with the goal of improving
which effectively reflects the vertical propagation. mesoscale forecasting in the U.S., includes such
In this situation ther is only asmal lossof wave  capabilities to facilitate the analysis of new data
energy, and continual forcing is not equired. streams from NextGeneration Weather Radar
Powers and Reed 993), in a mesoscataodeling (NEXRAD), automated suate observingsystem
study successfully simukatgravity waves that (ASOS)and sathites, and toconstructmesoscale
occurred duringexplosive cyclogenesis over the forecasts for timely idsemination. New
Midwest on 14-17 December 1987. Itagncluded developments pertaining to the issue of data
thatboth duding andwave-CISKL6 contributed to  handling include a Bour intermittent data
the maintenance of the observed waves. asimilation system (Mesoscale Analysis and

Koch et al. (1993) provide a detailed study Prediction System--MAPSr real time operation
of thevertical structure of medscale gravity waves ~ (Benjamin etal. 1991). The major components of
that played a significant rola the generation of a this system are data ingest, objectigeality
mesoscale convectiveomplex. They compare ~cortrol and analysis, and a mescale foecast
wave nduced pressure perturbation fields derivedM0del. Isentropiccoordinates are used to take
from triple-Doppler wind fields within regions of advantage of the impved resolutionnear frontal
esertially nonconvective precipitation, pressure Zones and greater spatial coherence of data that this
perturbation fields obtained by bandpagtering ~ Coordinate system pralés. EachB-hour foecast
of surface mesnetwork data,and the vaical becomes thebackground for the subsequent
stiucture of the pressure Eigen functions as anaIyS|s,_ allowing a _fqurdlmensmnal set of
predicted from a lineastability analysis. Nstrom  Observations to be assimilated. _ .
and Fitts (1992) and Fitts and Natrom (1992) Adverse  weather  associated  with
use arcraft measurements of winds and Mesoscale features in mter storms results in
temperatures  collected  during  the GlobalWidespread disruption of transportation systems
Atmosheaic Sampling Program (GASP) program (Martner 1992, Rh_qde51992; Rasmusse_n et al.
to study the effects of topography as a source of993). Our ability to correctly predict snow
mesoscale variabilitgnd compare the redts with ~ squalls, feezing rain, iaig, turbulenceand low

gravity wave theory. visibility, in turn depends on an ability @nalyze
and predict correctly thevolution of mesoscale
5. Implementation systems (of ordee50 km). Appication of high

resdution numerical prediction models that
assimilate non-synoptic data soufdeBenjamin

models over the past 30 years hmade possible et al. 1991; M.anobianco et al. 1991, 1994; Brill et
relatively accurate faecasts of cyclogenesis & 1991, Neiman etla1992; Sayhegyi et al.
(Grumm 1993; Gavec and Grmm 1993). The 1993, Chang and Holt 1994), folbwed by
challenge for the ‘90s it not only include how innovative graphical display of resultant output in
far in advance we can gafict cyclogenesisSanders ~ conjunction with observations has led to progress
1992; Mueau et al.1993), and how accurately [N our ability to pedct these phenomena. The
mesoscale features and the impact of orography cdrfk€ Ontario Winter Storms (LOWS) project was
be repeentd (Bosat and Sanders1991; Pauley conductgd to demonstrate and Qvaluate the potentlal
and Bramer 1992: Grumm at 1992: Powers and for real time me_sasx:ale monitoring and bcation
Reed1993: Doyleand Warner1993b), but also specific prediction of lake effect storms and

requres construction of more completmnceptual [1€€ZiNg rain, using thenewest of available
g P P technologies. LOWS employed an array of

A dramatic improvement ofnumerical

17 For example, NEXRAD, ASOS, ACARS (Aircraft
16 Wave-CISK is acoherent, constructivénteraction Communications Addressingand Reporting System)
between convection and gravity waves in the aircraft, wind profiler,radio acoustic soundingystem
atmosphere. (RASS), and satellite data.



specialized atmgheric remote sensds and  Weather Radar NEXRAD), Automaed Surface
mesoscale numerical modelsthvfavorable results Observing System (ASQS wind piofilers and
(Reinking et al 1993). new satellites come on line. Receasearch has
As pat of the modernization of the NWS already shown the promise these new data streams
there is a drive fomcreagd synergy between the will hold for mesoscale esearchand foecasting
rescach community and theNWS. Early fruits of (Neiman et al. 1992; McMurdie and Katsaros
this new emphasis include collocation ohamber  1991; Miller and Katsaro4992; Klzuraand Imy
of NWS dfices on univesity campuses, and 1993).
increagd progress in development of operational An area that will likely see significant
tools to aid forecastas in dealing with regional progress in the near future is the analysis of water
forecast problems (e.g., Keeter &t 4994). For vapor. Lack of information on theeimporal and
example climatological Keeter and Cline 1991, spacial variability in wadr vapor has been cited as
Burrows 1991; Hsu 1992; Heppner 1992; Ferber ethe single greatest obstacle to improved short-
al. 1993),and emote sensingethniques (Velden range precipitatin forecass. Newsensors on the
1992; Heregh1992; Martner etll. 1993;Cheng  Geostationary Operation&nvironmental Satellite
and Bown 1993) have been employed to create System (GOES) | andshtellites, he Commercial
forecast tools to help with the prediction of Aviation Sensing Humidity (CASH) project
precipitation amountsand precipitation yipe in  (Fleming and Hlls 1993) and a pbneering
winter storms. Weiss (1992and Hsu 1992) technique touse the Global Positioning System
developed climatologically-based tools that aid in(GPS) to measure watgapor (Bevis et al1992),
forecasting thunderstorm oadk and frontal will provide new resolution for this critical
overrunning along the Gulf coast. Work is alsovariable. The import of these data dhastrated
being done to improve forecasts of water levels andby Kuo et al. (1993), who show thawhen
wind waves as aesult of stormforcing (e.g., predictedprecipitable water vapor is redxed toward
DellOsso et al. 1992;Neuherz et al.1993). anobserved value, thmodel recoves the vertical
Objective echniques ofanalyzing and tacking  structure of water vapor with aaccuracymuch
gravity wave activity sich as thosemployed by greater than that from sistical rerieval based on
Koch et al. (1993), Eckermarand Vincent (993) climatology, kading to sigificartly improved
and others may have mpatant operational short range precipitation forecasts.
applications in the near future. The repesentation of cyclonand frontal
circulationsthrough dagnosticequation sets will
continue to be an important area of bas&earch
toward impoved conceptualinderstanding of the
6. Summary and Future Outlook evolution of cool seasonyclones and associated
mesoscale weatherHeadwaycan beexpected in
As highlighted in this review, an active dealing with the forecasting challenge posed by
resesach community hasnade progress during the mesoscale circulation systems,and their
past several years in the area of winter cyclonesinteraction with local geography, asumerical
Advances in representing andagnosing frontal weather prediction models gain resolution, and data
circulations in three dimensions using ftimthal ~ resources continue to improve.
and moregeneral equation systems haween
made. Analysis of observational data sets fromAcknowledgments. The author would like to
field experiments in concert with output from high thank Prof.Thomas Schroeder, Prof. Fei-R&n, Dr.
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