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ABSTRACT

A research version of the Canadian regional finite-element (RFE) model is used to

evaluate the capability of the operational model in reproducing the meso-~-scale structure

and evolution of three different types of midlatitude squall-line systems. and to advance

our understanding on the development of these features.

In this thesis. we use the well-documented 10-11 June 1985 squallline as a test bed

to examine the appropriate incorporation of various physical representations and their

coup\ing with RFE's model components. It is demonstrated through a series of sensitivity

studies that the operational prediction of squall lines can be improved if more realistic

model physics. reasonable initial conditions. and high resolution are used. Il is shown

that subgrid-scale moist convection and grid-scale moist physics must be adequately

treated in order to reproduce the internal structures of the squall\ine.

Then. the improved version of the RFE model is used to study the role of gravity

waves in the development of a prefrontal squall \ine associated with the 14 July 1987

Montreal flood. It is found that the gravity waves and convection propagate in a "phase­

10cked" manner and that the wave-CISK mechanism accounts for the maintenance and

intensification of the system. It is also found that frontogenetical processes and release of

conditional symmetric instability are responsible for the development of a trailing

stratiform rainband associated with the July 1987 Montreal flood. Numerous sensitivity

experiments are conducted. and they show that the meso-p-scale structures and the wave·

convection system are very sensitive to the interaction of the parameterized convection

with grid·scale physical processes.

ln the last part of the thesis. the along-line variability of the 26-27 June 1985 squall

line during PRE-STORM is examined. It is found that the three-dimensional structures of

the squall's circulations are determined by both a large-scale trough and convectively

generated disturbances. In particular, it is shown that rear inflows in the stratiform region

tend ta he more intense to the south of the mesolow and near the base of the large-scale

trough.

i



•

•

•

RESUME

Une version de recherche du modèle canadien régional aux éléments finis (EFR) est

utilisée pour évaluer la capacité du modèle opérationnel de reproduire les structures méso­

ji-échelles et l'évolution de trois lignes de grain aux latitudes moyennes. et pour

approfondir la compréhension du développement de ces systèmes.

Nous utilisons le cas bien documenté de la ligne de grain du 10-11 juin 1985 pour

vérifier si l'incorporation de diverses représentations physiques et leur couplage avec les

composantes du modèle EFR sont convenables. Il est démontré par des études de

sensibilité que la prédiction opérationnelle de lignes de grain peut être améliorée si une

physique de modèle plus réaliste. des conditions initiales raisonnables. et une haute

résolution sont utilisés. Il est montré que la convection sous-échelle et les processus

humides à l'échelle du modèle doivent être traités adéquatement pour reproduire les

structures internes de la ligne de grain.

Ensuite. la version améliorée du modèle EFR est utilisée pour étudier le rôle des

ondes de gravité dans le développement d'une ligne de grain pré-frontale associée à

l'inondation du 14 juillet 1987 à Montréal. Il est montré que les ondes de gravité et la

convection se propagent en phase et que le mécanisme ondes-CISK est responsable pour

le support et l'intensification du système. Il est aussi montré que des processus

frontogénétiques et le relâchement d'instabilité symétrique conditionnelle sont

responsables du développement d'une bande de précipitation stratifonne à l'arrière de la

ligne de grain. Des études de sensibilité ont été conduites. et montrent que les structures

méso-p-échelle et le système onde-convection sont très sensibles à l'interaction entre la

convection paramétrisée et les processus à l'échelle du modèle.

Finalement. la variabilité le long de la ligne de grain du 26-27 juin 1985 est

examinée. On trouve que les circulations tridimensionnelles de la ligne de grain sont

détenninées par un creux à grande échelle et des perturbations générées par la convection.

En particulier. il est montré que des courants entrant à l'arrière de la région stratiforme ont

tendance à être plus intenses au sud du mésocreux et près de la base du creux à grande

écheUe.
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• 2 Enhanced initial conditions at 1200 UTC 10 June 1985; a) 700 hPa 31

geopotential height (solid, every 3 dam) and temperature (dashed,

every 5 OC); b) surface relative humidity (dashed. every 10 'lit),

surface wind vectors and sea-Ievel pressure (solid, every 2 hPa).

Different shadings are used to indicate values of relative humidity

greater than 70. 80 and 90 %.

3 The upper panel shows surface mesoanalyses from Johnson and Hamilton 32

(1988) at a) 0000 UTC; b) 0300 UTC; andc) 0600 UTC 11 June 1985.

Dashed double-dot lioos indicates outflow boundaries. Pressure are

converted to 518 m: units are in Hg, e.g., 85 = 29.85 in Hg (note that 1 in

Hg =33.9 hPa). Wind speeds are denoted with a full barb equal to 5 m s-l.

The middle panel shows the predicted sea-Ievel pressure (soUd, every 1hPa)

• and surface temperature (dashed. every 2 oC) from d) 12-h; e) 15-h; and 0

18-h control integration. The lower panel shows the predicted grid scale

(dashed) and convective (shaded) rainfaIl rates with contours denoting

1.5. 10 and 20 mm hr1valid at g) 0000; h) 0300; and i) 0600 UTC

Il June 1985. The predicted soundlng at point S Is given ln Fig. 7 and

vertical proliles ofee ahead and behind the line (points Aand 8) are shown

in Fig. 10.

4 Radar reflectivity analysis at 0600 UTC 111uoo 1985 (from Rutledge 33

et al. 1988).

5 The upper panel shows the observed accumulated rainfaIl amount 34

(every 10 mm) analyzed for a) entire squaIl system; b) convective portion;

and c) straliform portion (from lohnson and HamUton 1988). The low

panel shows the predicted rainfall amount (every 10 mm) between 2100

• UTC 10 lune and 1200 UTC II lune 1985 for d) total precipitation;
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Figure Page• e) convective portion; and 0 grid-scale portion.

6 Vertical cross section of relative humidity (solid lines, every 10 %), and 35

precipitable water boundaries (> 1g kg-l, dashed lines), superposed with

relative flow vectors nonnailO the squailline at a) ooסס UTC; and b) 0600

UTC II June 1985. The cross sections are taken along lines given in Figs.

3g and 3i.

7 Predicted sounding near the center of the southern wake low, valid at 0300 35

UTC II June 1985 (see point S in Fig. 3h for the location).

8 As in Figs. 3g-i but for Exp. MCA (moist convective adjustment). The 36

letters 'c' and 'D' denote the locations of 8e profiles shown in Fig. 10.

9 As in Fig. 3f but for Exp. MCA (moist convective adjustment). Note that 37

the isobars are drawn every 2 hPa.

• 10 Predicted equivalent potential temperature (8e)profiles taken ahead ofand 37

behind the leading convective line from 15-h integrations for a) control run

(see Fig. 3h for the locations); b) Exp. MCA (see Fig. 8a); and c) Exp. KUO

(see Fig. lib).

Il As in Figs. 3g-i but for Exp. KUO. The letters 'E' and 'F denote the 37

locations of ee profiles shown in Fig. 10.

12 As in Fig. 3f but for Exp. KUO. 38

13 Vertical cross sections ofequivalent poœntial œmperalUre (8e,every 38

5 K) superposed with relative flow veclOrs nonnailO the squailline

from 15-h inœgration for a) control run (see Fig. 3h for the location);

b) KUO (see Fig. lIb), and c) SES (see Fig.l4b). The H's and L's

refer to the thennal maxima and minima.

14 As in Figs. 3g·i but for Exp. SES (simple expticit scheme). 39

• 15 As in Fig. 3fbut for Exp. SES (simple explicit scheme). 39
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16 As in Fig. 2 bul from !he CMC analysis wi!hout data enhancement.

17 As in Fig. 3i but for Exp. CMC.

18 As in Fig. 3f but for Exp. CMC.
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4.1 Portion of the 165 x 185 hemispheric variable grid mesh projected on a 51

polar stereographic plane. The heavy rectangle indicates !he central window

wi!h a uniform grid sile of 25 km. Horizonlal and verticallines are

drawn every 5 model grid points. Propagation traclcs A and B as weil as all!he

stations referred to in !he text are indicated.

4.2 The model initial conditions (i.e., ooסס UTC 14 July 1987): a) geopotential 52

height (solid, every 6 dam) and temperalUre (dashed, every 4 "C) superposed

wi!h horizonlal winds (a full barb is 5 ms-l) at 500 hPa. The position of the

• surface front is indicated. b) geopotential height (soUd, every 6 dam) and

wlnd speeds (dashed, every 5 m s-I) at 300 hPa. Shadings denote !he area

of the predicted convection vaUd at 1200 UTC 14 Ju1y.

4.3 Mesoanalysis of sea-Ievel pressure (soUd, every 2 hPa) and surface 55

temperalUre (dashed, every 2 "C). The left panel shows !he observations

at a) 1200 OTe; and b) 1800 OTe 14 July 1987. The right panel shows !he

model prediction from c) 12-h; and d) 18-h integrations. Shadings represellt

regions ofconvective precipitation wi!h rainfall rates of l, 2 and 5 mm h-1•

Double dot·dashed Unes denote surface cold outflow 8SSOCiated wi!h the squall

line. The letters, 'L', 'c' and 'W', indicate !he centers of low pressure, cold

and warm air, respectively.

4.4 Observed and predicted equivalent potential temperalUre (soUd, every 5 K) 56

in the lowest mode1layer, superposed wi!h the column·integrated precipilable

• water content (shaded wi!h contours of4,4.5, and 5 cm) valid at 1200 UTC

x



Figure Page

• 14 Iuly 1987.

4.5 a) The GOES infrared satellite imagery at2100 UTC 14 Iuly. b) The 57

predicted convective rainfall rate (solid lines with contours of l, 2, 5

mm h- l) and 500-hPa totalliquid water (shaded with contours of 0.0l,

0.1 g kg- l )from 21-h Integration, valid at2100 UTC 14 Iuly.

4.6 Observed and predicted total accumulated rainfall amount (mm) between 58

OOOOUTC 14 Iulyand OOOOUTC 15 Iuly 1987.

4.7 Vertical cross section of temperature deviations (every 1 K) sU(lllrposed 60

with across-line circulation veclOrs, taken along line 0 in Fig. 4.3d,

from 18-h integration. The letters, 'L'and 'H', indicate cold and wann

centers, respectively; whereas 'c' and 'R' show the position of the convective

and trailing stratiform precipitation bands.

• 4.8 Predicted time series of surface pressures (solid, hPa) and the horizontal 60

wind component in the direction ofwave propagation (dashed, ms-I) from

the control run. The surface winds and pressures from Exp. DRY have

been deducted

4.9 Predicted surface pressure tendencles (solidlposltives, dashedlnegatives) 61

al intervals of 0.25 hPa (2 h)-1 belween) 12· and 14-h; b) 14- and

16-h; and c) 16- and 18-h. Surface pressures from Exp. DRY have

been deducled. Thlck solid (dashed) lines indicate the axis of the

tendency troughs (ridges). Shadings indicate regions wlth convective rainfaU

rates grealer than 2 mm h-I from a) 14-h, b) 16-h and c) 18·h Integration.

4.10 Predleted barographs of surface pressures (bPa) from Exp. NCON (no 66

convection after 14 hl. Surface pressures from Exp. DRY have been

dedueted Thin soUd (dashed) lines indicale the position of the leading wave

• ridges (troughs). see Fig. 4.1 for the locations of the stations and the tracts.
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• 4.11 Vertical cross section of divergence (solid/positive, dashed/negatives) at 67

intervals of 5x10-6 s·I, superposed with vertical motion perturbalions,

taken along line 'c' in Fig. 4.1, from 18-h Integration of Exp. NCON.

The predicted potential temperature surfaces e=305 and 330 Kare

represented by thick dashed Iines. The letters, T and 'R', indicate the

location of the wave trough and ridge, respectively. The cross section is

taken.

4.12 Vertical profiles of a) the Brunt-VlIisllllli frequency (N ::( (g16) (d8ldc:)]1/2), 67

and b) horizontal winds relative to the wave phase speed averaged along the

tracks A (solid) and 8 (dashed) from 15-h Integration of Exp. NCON. The

relative nows are obtained by deducting the wave phase speeds of 35 ms'(

for track A and 20 ms .( for track 8.

4.13 As in Fig. 4.10 but from the control run. The time series of rainfall rates 70

(mm h· l ) are superposed.

4.14 As in Ag. 4.11 but from the control run, with contour intervals of 71

10 x 10-6s·(. The bracket horizontalline at the bottom indicates the

\

•

position ofconvective activity.

4.15 As in Fig. 4.8 but for Exp. KUO. The temporal series of rainfall rates

(beavy solid lines, mm h-l) are superposed. The unils for the presswre

and wind perturbations are given on the left ordinate, and the unit for the

rainfall rates are shown on the right ordinate.

4.16 As ln Fig. 4.9 but from a) 12· to 14-h, and b) 16- and 18·h Integration

of Exp. KUO.

Integration.

4.17 As in Fig. 4.9<: but for Exp. NOPD (no parameterized molst downdrafts).

S.1 a) OOESsatellite infrared Imagery al 1800ure 14 July 1987: and

71

72

72

84



Figure Page• b) predicted hourly rainfall rates (every 1mm h· l ) by impUcit (soUd)

and expUcit (dashed) cloud schemes from 18-h Integration. The dashed

Unes in a) and the thick soUd line in b) indicate the position of the trailing

rainband. The letters. OR' and 'c'. show the stratiform and convective

bands. respectively; similarly for the rest of figures. Lînes. 'A' to 'E',

indicate the locations ofcross sections used in subsequent figures. The

double dot-dashed Unes denote the position of the predicted gust front

S.2 Vertical cross sections of relative humidity (every 10%), superposed 8S

with across·band tlow vectors, from a) lO-h; b) 12-h; c) 14-h; d) 16·h;

e) 18-h; and 0 20-h Integrations. The letter at the lower-left corner

refers to the location of the cross section given in Fig. S.l b.

S.3 Horizontal map of relative vonicity (every 4 x 10.5s·t) and wind vectors 88

• at 600 bPa. from l4-h integration. SoUd (dashed) lines are for positive

(negative) values. Shadings indicate regions with vertically-integrated cloud

waterlice and rainwaterlsnow greater than 1mm. The position of the surface

co1d front is also shown.

S.4 Venical cross sections of relative vonicity at intervals of4 x 10.5s·1 91

(solidlpositives. dashedlnegatives), superposed with across-band tlow

vectors. from a) 14-h; b) 16-h; c) 18·h; and d) 20-h integrations.

S.S Venical cross section of 1i1ting of horizontal voniclty al intervals of 91

2xl0"5 s·1 h·I, superposed wlth across-band flow vectors, from 14-h

Integration. SoUd (dashed) Unes are for positive (negative) values.

S.6 As in Fig. S.S but for a) Lagrangian absolute vonicity tendency; b) tilting 93

of horizontal vonicity; and c) vortex slretehing at intervals of 2x10"5 s·1 h·1

from 18-h integration.

• S.7 Horizontal map of venical\y-integrated cloud waterflCe and rainwaterlsnow 94
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Figure page• (solid, every 2 mm) and potential temperature at SOO hPa (dashed, every

2 K), superposed with vertical wind shear vectors between 400 and SOO

hPa, from 14-h integration. The shadings indicate regions with

convective precipitation rate greater than 2 mm h-l. Thick solid line, 'F',

indicates the location of vertical cross sections used in Figs. S.S and 5.9.

S.S Vertical cross sections of a) height deviations (every 2 dam) 94

and b) potential temperature deviations (every 1 K), superposed with

across-band flow vectors, taken along a line given in Fig. 5.7, from 14-h

integration. Thick dashed lines represent total cloud water (ice) and

rainwater (snow) contentgreater than 0.1 g kg-l, and the thick solid line

denotes the position of the ee =330 K moist isentropic surface.

c) Vertical profile of 9e taken at point, 'R'.

5.9 As in Fig. S.Sb but for Exp. DRY (i.e., no latent heat release). Note the 97

use ofa different seale for the vertical motion.

5.10 Vertical cross sections of tbree·dimensional MPV at intervals of 2.Sx10-7 97

m2 Ksol kg-l, superposed with across-band flow vectors, from a) 14-h,

and b) 2o-i1 integrations. Solid (dashed) llnes are for positives (negatives)

values. The thick-dashed lines indicate regions with relative humidity

greater than 90%. The thick soUd line deno1eS the position of the 330 K

moist isentropic surface.

S.ll Vertical cross sections of temperature tendencies generated bya) the Fe 100

convective parameterization and b) the explicit moisture scheme at intervals

of 1 oC h-l, superposed with across-band flow vectors, from lS-h integration.

SoUd (dashed) lines are for positive (negative) values.

S.12 As in Fig. S.2e but for Exp. NOEX (no grid·seale latent heating). The thick 100

• solid line deno1eS the position of the 330 K moL~t isentropic surface•
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Figure Page• 5.13 As in Fig. S.2e but for Exp. NOFC (no FC scheme). The thick solid line 102

denotes the position of the 330 K moist iscntropic surface.

5.14 As in Fig. 5.2e but for Exp. 2XFC (double heating and moistening 102

tendencies in the FC scheme). Thick dashed Iines reprcsent total cloud

water (ice) and rainwater (snow) content greater than 0.1 g kg·I, and the

thick solid line denotes the position of the 330 KmoisI isentropic surface.

5.15 As in Fig. 5.2e but for Exp. KUO. The thick solid line denotes the position 104

of the 330 Kmoist isentropic surface.

6.1 Portion of the 195 x 185 hemispheric variable grid mesh projected on a 115

polar stereographic plane. The heavy recrangle indicales the central

uniform high-resolution domain of 25 km with the grid size increasing

by a consrant outward.

• 6.2 Madel initial conditions: sea·level pressure (solid, every 2 hPa) 117

superposed with the surface wind vectors and temperature (dashed,

every 4 OC) at 1200 OTC 26 June 1985.

6.3 As in Fig. 6.2 but for geopotential height (solid, every 6 dam) and 117

temperature (dashed, every 4 OC), superposed with horizontal wind

vectors, at 500 hPa.

6.4 Left panel shows radar summary charts at a) 0000 OTC; and b) 118

0600 UTe 27 June 1985. Right panel shows the predicted grid-scale

(dashed) and convective (shaded) rainfall rates with contours of

1,5 and 10 mm h-1from c) 12- and d) 18·h integrations.

6.5 Satellite imagery at a) 0000 OTC; and b) 0600 OTC 27 June 1985. 119
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6.18 As in Fig. 6.7 but for pressure gradient forces normal to the line 141

(every 4 m 5-1 b-I) along a) line 'E'; b) Hne 'F; and c) line '0',

given in Fig. 6.16.

• 6.19 Vertical cross sections of the borizontal flow differences (every 2.5 142

xvü



•

•

•

Figure Page

ms·l) normalto the Une betwccn Exps. CTL and DRY (i.e., CTL·
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from 18-h integration.
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STATEMENT OF ORIGINALITY

The original aspeclS of the thesis are described as follows:

1) Il is demonstrated that the operational prediction of the meso-p-seale structures of

midlatitude squall lines, such as mesolows. mesohighs, cold outflows, mesovortices,

rear inflows, gravity waves and quantitative aspects of precipitation, can be obtained if

realistic convective parameterization and explicit moist physics, reasonable initial

conditions, and high resolution are included.

2) Il is found that the two-dimensional structures of some midlatitude squalllines may

depart substantially from the classical squall·li~ models depending upon the interaction

of the convective systems with their large-seale environment These structures include

the rapid propagation and separation of a leading convective line from a trailing

rainband. the development of a surface-based instead of an elevated rear-to-front

descending flow, the generation of low-to-mid-Ievel stratiform clouds. and the

development ofan intense anticyclonic vorticity band in the stratiform region.

3) The internai circulations of squalllines are found to depend on the location of the

convective system with respect to large-seale and convectively generated mesoscale

circulations. These processes determine the along-Iïne variability of the internai f10w of

squalllines. as weil as the weather conditions at different segments of the convective

systems.

4) Il is found that rear inflows are more intense to the south of convectively-induced

mesolows and near the base of large-seale troughs. This region also favors the

development of trailing stratiform precipitation.
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Chapter 1

Introduction

1.1 Mesoscale convective systems

It has been recendy realized that mesoscale processes often generate precipitation

systems that differ considerably from what would be expected from the synoptic

conditions (e.g., Charba and Klein 1980; Ramage 1982; Gyakum 1986). Accurate

prediction of these mesoscale convective systems (MCSs) has been a serious challenge to

atmospheric scientists for many years. pardy because of the lack of understanding on how

these MCSs develop, and pardy because of the fact that MCSs often occur on a scale too

small to be resolved by the standard rawinsonde network or handled by operational

numerical weather prediction (NWP) models. Thus, data from high-resolution networks,

such as the Oklahoma-Kansas Preliminary Regional Experiment for STORM central

(PRE-STORM) field program in the United States (Cunning 1986), together with radar

and satellite imagery. are useful to study the internal structure and evolution of these

weather systems.

McSs are deep convective systems which are considerably larger than individual

thunderstorms and sometimes characterized by an extensive region ofstratiform clouds to

the rear (see Cotton and Anthes 1989). The convective region of the cloud systems has

typicallifetimlls of 6 to 12 h, whereas the stratiform region may last for as long as severa!

days. The MCSs are responsible for a large percentage of the summertime precipitation in

sorne regions (see Fritsch et al. 1986; Fritsch and Heideman 1989) and may produce

violent weather events such as flash flood, gust winds, hail and tornadoes. They are

categorized in two types of systems. namely squall lines and mesoscale convective

complexes (MCCs), which are discriminated according to their shapes in satellite images.

MCCs show circular shapes (e.g., Maddox 1980a; McAnel1y and Cotton 1986, 1989;

1



Leary and Rappaport 1987; Augustine and Howard 1991) whereas squalllines display

• Iinear and smaller-scale structures (e.g., Bluestein and Iain 1985; Smull and Houze 1985;

Iohnson and Hamilton 1988). Furthermore. MCCs are driven by the diurnal cycle and are

typically noctumal events. in contrast with squalilines which are more driven by strong

dynamics than thermodynamics. Squalilines are also modulated by the diurnal cycle but

they can occur at any time of the day. However. a firm categorization of MCSs is not

possible. since recent studies have shown that lines of deep convection could accur within

large mesoscale systems exhibiting a circular cloud shield at upper levels (e.g., Stumpfet

al. 1991; Stensrud and Fritsch 1993; Trier and Parsons 1993; Nachamkin et al. 1994).

Thus, the set of MCSs rather constitutes a continuous spectrum of events in which

prefrontal squalilines are at one extreme of the spectrum. and the MCCs are at the other

end.

1

•

a. Mesoscale convective complexes

MCCs were first defined from satellite imagery by Maddox (1980a), based on the

areal extent, eccentticity and duration of the generated upper-Ievel cloud shields. He noted

that MCCs are particularly weil organized midlatitude convective systems that are often

responsible for heavy nocturnal rainfalls during the growing season (see also McAnelly

and Cotton 1989; Augustine and Howard 1991). Maddox (1983) conducted a composite

study of 10 MCCs and showed that they are convective systems with a warm core for

most of the troposphere (Menard and Fritsch 1989) and a cold core near the tropopause.

The warm core structure tends to force a strong mass and moisture convergence in the low

to midlevels and strong outf1ow near the tropopause. The MCCs typically develop in the

aftemoon in the region of a weak surface front coupled with a low-level southerly jet of

moist warm air. The primary forcing is associated with low-level warm advection and

weak midlevel propagating short wave. White sorne portion of the warm advection is

associated with travelling waves. sorne of it seems ID he the result of diumally modulated•
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terrain related boundary-Iayer processes. Cotton et al. (1989) perfonned a composite

study similar to Maddox (1983) but with a sampling of 134 cases and better temporal

resolution. They divided the Iifecycle of MCCs into seven periods and found that the

upper-tropospheric divergence and vortiCÎly in MCCs are maximized at the mature stage

and maintain nearly as constants until their dissipation stage. This is quite different from

what happens for tropical clusters in which the maximum values are reached at maturity

but rapidly decrease shortly after. This difference comes from the fact that MCCs are

inertially stable. i.e.• their horizontal scale is greater than the Rossby radius.

b. SquaU lines

In this thesis. we focus on the second type of MCSs. i.e.• squall lines. which are

easily recognizable from radar and satellite images. due to their Iinear nature. Squalilines

fonn in a conditionally unstable atmosphere characterized by strong low-Ievel vertical

wind shear. They have been categorized in four different types of development (i.e.•

broken line. back building. broken areal. and embedded areal). depending on the relative

magnitudes of vertical wind shear. convective available potential energy (CAPE).

Richardson number, and large-scale forcing (e.g.• frontal zones. dry lines. orography)

(see Bluestein and Iain 1985). Weisman and Klemp (1982) further showed that the

amount of CAPE and wind shear detennine the severity and duration of squaU lines.

which are constituted by long-lived rotating supercell stonns with a low Richardson

number or by multicellular type thunderstorms with a high Richardson number.

Thorpe et al. (1982) argued that the propagation of squall lines is related to the

convectively-induced cold pool, which act as an obstacle to the tlow. by producing

convergence at the interface between the cold pool and the storm relative intlow. They

proposed that the long life of the strictly two-dimensional solution is a consequence of

low-Ievel shear in the ambient wind profile. Rotunno et al. (1988) added to this argument

by viewing the non-supercellular squall as a line of short-lived ordinary convective cells
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and recognizing the primary imponance of the low-Ievel wind shear in the regeneration of

• the cells by balancing the cold pool outflow. Squal\ line propagation has also been

associaled with gravity waves, which can initiale convective activity when moving in an

environment having low convective inhibition and positive CAPE (see Uccellini 1975). A

number of studies have reported that convection and grdvity waves could move together in

a "phase-Iocked" manner (e.g., Miller and Sanders 1980; Stobie et al. 1983; Einaudi et al.

1987; Zhang and Fritsch 1988a; Ramamurthy et al. 1993), suggesting that the wave-CISK

mechanism, by which gravity waves provide the necessary low-Ievel convergence to

initiate new convection and latent heatinglcooling amplifies the waves, could be

responsible for the propagation and intensification of squaIllines (see Cram et al. 1992a;

Tremblay 1994).

There are many studies on the inlernal structures of squalllines in midlatitudes. The

associated precipitation is typically characterized by a leading \ine of intense and deep

convection, followed by an extensive area of \ighler stratiform precipitation (see Fig. 1.1)

(e.g., Smull and Houze 1985; Johnson and Hamilton 1988; Houze et al. 1989; Zhang et

al. 1989; Biggerstaff and Houze 1991a). Intense surface pressure perturbations are often

produced within these systems (see Fig. 1.1). such as a pre-squall mesolow caused by the

adiabatic warming due to the compensating subsidence (see Hoxit et al. 1976), a

mesohigh below the convective line, which is induced by strong evaporational cooling

(see Fujita 1959), and a wake low at the rear of the stratiform region (Johnson and

Hamilton 1988). A surface gust front also can be generated, which tends to enhance the

low-Ievel convergence ahead of the convective line. thus assisting the initiation of new

convective cells.

According to the conceptual model of squal\ \ines developed by Houze et al. (1989).

the convectively generated anvil clouds could extend rearward a few hundreds of

kilometers behind the leading \ine (Fig. 1.2). The relative across-Iine f10w exhibits an

• ovenurning updraft. a front-to-rear (FTR) ascending current that transports high
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Fig. 1.1 Conceptual mode1 of a squal1line with a trailing sttatiform region viewed in a
horizontal cross section (from Johnson and Hamilton 1988).

-------_.__......:._.._--- ...... _/~~~~
~ICENOINO FilON

B A

•

Fig. 1.2 Conceptual mode1 of a squal1line with a trailinJ sttatiform area viewed in a
vertical cross section perpendicular to the convective Une (from Houze et al. 1989)•
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equivalent potential temperature (Be) air into the trai1ing stratiform region from the

boundary-Iayer ahead. and a rear-to-front (R1F) midlevel current (or rear infIow jet) that

advects low-Be air into the cloudy region. leading to sublimationlevaporation such that the

f10w is forced to descend (see Smull and Houze 1985. 1987; Zhang and Gao 1989;

Stensrud et al. 1991). As the adiabatic warming through the descending motion exceeds

the diabatic cooling, a surface wake low can he found at the back edge of the stratiform

region (Johnson and Hamilton 1988; Zhang and Gao 1989).

The previous studies have shown that the trailing stratiform precipitation can

contribute to as much as 40 % of the total precipitation of a squall system (see Houze

1977; Churchill and Houze 1984; Johnson and Hamilton 1988). In earlier studies, it is

hypothesized that the trailing stratiform precipitation is produced as a result of a slower

propagation of the convective cells with respect to the gust front, leaving a series of "old

towers" in various stages of decay behind the leading convective line (Newton 1950;

Zipser 1969. 1977; Houze 1977; Zipser et al. 1982). More recently, Smull and Houze

(1985) found, from exarnination of water budgets, that the fallout of the rearwardly

advected ice particles from the leading convective line was responsible for most of the

trailing stratiform precipitation. These results are consistent with those of Biggerstaff and

Houze (1991a), who showed that the strongest stratiform precipitation tends ta he located

immediately behind the most intense portions of the convective line. and that the width of

the stratiform region depends on both the FTR wind velocity and microphysiCai fallout

scales. Zhang and Cha (1992) proposed that the mid to upper levels of the FTR

ascending flow could be unstable slantwisely after conditional instability is relieved along

the leading line.

Stratiform regions are often correlated ta the development of some important

mesoscale features, such as midlevel mesolows (see Smull and Houze 1987; Houze et al.

1989; Zhang and Gao 1989), mesovortices (see Leary and Rappaport 1987; Zhang and

Fritsch 1987, 1988b; Brandes 1990; Biggerstaff and Houze 1991b; Zhang 1992), rear
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inflow jets (see Smul1 and Houze 1985, 1987; Rutledge et al. 1988; Zhang and Gao 1989;

Schmidt and Cotton 1990; Weisman 1992), and upper-Ievel mesohighs (see Fritsch and

Maddox 1981a,b; Zhang and Gao 1989; Gallus and Johnson 1992; Lin and Johnson

1994). The midlevel mesolow results from diabatic heating within the stratiform region

(see Smull and Houze 1987; Zhang and Gao 1989), whereas the upper-Ievel mesohigh is

due to the cooling associated with adiabatic expansion at the top of intense updr.lfts (see

Fritsch and Brown 1982). Midlevel mesovortices can be initiated by tilting of horizontal

vorticity due to the downward motion at the rear of stratiform regions (see Biggerstaffand

Houze 1991b; Zhang 1992). Zhang (1992) showed that such mesovortices could move

forward faster than the squall system and, in the dissipating stages, reach the convergence

zone between the F1'R and RTF circulations, where they intensify due to stretching of

existing vorticity (see also Brandes 1990; Johnson and Bartels 1992). Smull and Houze

(1987) hypothesized that rear inflow jets could result from a convectively-induced

midlevel mesolow within the stratiform region. Schmidt and Cotton (1990) argued that

the downward deflection and channeling of ambient RTF flow by upper-Ievel divergent

outflow related to the convectively-induced mesohigh could also lead to the formation of

rear inflow jets (see Nachamkin et al. 1994). Other mechanisms were also proposed by

Lafore and Moncrieff (1989), Zhang and Gao (1989), and Weisman (1992). However,

the along-tine variability of these internal structures has received tittle attention. In the

case oflong squalltines, there are considerable variabilities even in the large-l:Cale flow.

Convectively 'generated mesovortices also contribute to the development of three­

dimensional structures of squailtines.

1.2 Numerical predIction 01 Mess
Due to the lack of appropriate initial conditions and the complexity of the physical

processes involved in the development of MCSs, only a few successful real-data

simulations of MCSs have been presented in the titerature. Using the Penn State
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University 1National Center for Aunospheric Research (PSUINCAR) model, Zhang and

• Fritsch (1986, 1988b) and Zhang et al. (1989) performed simulations of three weil­

documented midlatitude MCSs that compared very weil against observations. The

mesoscale structures of the squaliline that oceurred on 10-11 June 1985, such as the

•

•

leading convective line, trailing stratiform region, surface pressure perturbations, rear

inflow jet. and midlevel mesovortices, were particularly weil simulated (see Zhang and

Gao 1989; Zhang 1992). Other mesoscale models that have been used to obtain

reasonable simulations of squalilines include the Colorado State University 1Regional

Aunospheric Modeling System (CSUIRAMS) (Cram et al. 1992b) and the Mesoscale

Compressible Community (MC2) model (Tremblay 1994).

It should be mentioned that these previous numerical studies were only Iimited to a

research mode. because the lateral boundary conditions used in these models were

specified by observations. Operational prediction of these internal structures of MCSs has

not been possible due to the use of coarse grid resolution and poor physical

representations. Because of the rapid increases in computing power in recent years,

operational models will be soon able to resolve MCSs. Thus, in order ta improve

mesoscale weather forecasts, considerable work is currendy done in operational centres

such as those in Canada, the United States, and Europe, ta decrease the horizontal grid

length for future versions of the operational models. Although it is casy ta understand the

relationship between grid resolution and mesoscale structures. it is unclear how this

improvemcnt could occur. Previous studies with the United States operational model

show that cven if the large-scalc circulation and pressure patterns are wcll predicted,

mesoscale processes generate embedded weather features that are considcrably far from

what would be expected from the large-scale conditions (sec Sanders 1979; Charba and

Klein 1980; Gyakum 1986). Moreover, because precipitation is mosdy organized on the

mesoscalc (sec Heideman and Fritsch 1988), progress for the quantitative precipitation
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forecasts (QPFs) and severe weather wamings has been slow. compared to that for the

large-scale forecasts.

Anthes et al. (1989) demonstrated with the PSUINCAR model that the latent heating

due to condensationlevaporation and surface fluxes can have a significant impact on the

model's performance. They showed that a1though simple physical parameterization

schemes are enough for usual weather systems. more sophisticated physics packages are

needed for more complicated extreme cases such as MCSs and explosive cyclones. Thus.

the improvement of the horizontal resolution in NWP models is not enough to refine the

prediction of mesoscale features. and better treatments of physical processes. such as

planetary boundary layer (PBL). condensationlevaporation and radiation. must be

incorporated into those models.

In particular. the treatment of heating, moistening and precipitation due to

condensationlevaporation is of primary importance for a realistic prediction of MCSs

(Zhang et al. 1988, 1994; Zhang 1989; Molinari and Dudek 1992). These cloud

processes can be represented in numerical models in an implicit or explicit manner. The

explicit representation, in which the clouds are resolved on the grid scale, uses cloud

water (ice), and rainwater (snow) as prognostic variables. Most of the explicit schemes

are based on the bulk method introduced by Kessler (1969) and described as the "direct

method" (e.g.• Sundqvist et al. 1989; Zhang 1989). In models with grid lengths small

enough to resolve individual convective elements (i.e.• âx < 5 km), the explicit approach

could represent reasonably cloud processes. However, as the horizontal resolutilln

decreases. the use of a convective parameterization (or implicit scheme) is necessary tll

account for the subgrid·scale transport. The implicit treatment of clouds requires the

evaluation of heating. moistening and precipitation due to these subgrid·scale effects in

terms of resolvable-scale variables. The widely used convective parameterization schemes

include the Manabe et al. (1965) moist adjustment. the Kuo (1965. 1974) moisture

convergence, the Arakawa and Schubert (1974) quasi-equilibrium. the Kreitzberg and

9
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Perkey (1976) and the Fritsch and Chappell (1980) sehemes. Due to the complexity in the

convective parameterization. different hypotheses and closure assumptions May not be

suitable for ail seales. In other words. convective parameterization schemes designed for

larger-seale models (e.g.• the Kuo or Manabe sehemes) May prove inadequate for fine­

mesh models. and vice-versa (see Frank 1983). In addition, at the seale of 10-40 km. it

is important that the implicit and explicit schemes be coupled in order to allow a broader

seale interaction between the deep convection and its large-seale environment (see Zhang

et al. 1988; Zhang and Fritsch 1988c).

1.3 General objectives and thesls ouillne

The purpose of this thesis is to demonstrate that the internai structures and evolution

of midlatitude squalllines as well as their quantitative aspects of precipitation could be

predicted using an improved version of the Canadian operational model. namely. the

regional finite-element (RFE) model. Specific objectives focusing on numerical

predictions ofsqua1llines are to

• determine the sensitivity of numerical predictions ofsqualllines to different implicit

and explicit condensation sehemes and different initial conditions;

• examine the role of gravity waves in the development of a squallline and the

sensitivity of the convection-gravity waves structure to different convective

parameterizations;

• investig!lte the dynamical and physical proeesses responsible for the development

of trai1ing stratiform precipitation;

• diseuss the effects of the large-seale environment and convectively-induced

midlevel mesolows in producing along-1ine variabilities in a squallline;

• clarify the dynamic proeesses involved in the development ofa rear inflow jet

Based on the previous studies. it is important to have more realistic physical

representation in the RFE model in order te achieve the above-mentioned objectives•

10
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Thus. as part of the project. we incorporate the improved version of the Fritsch and

Chappell (1980) convective parameterization (sec Zhang and Fritsch 1986) and the explicit

moisture scheme (see Zhang 1989) containing cloud water (ice) and rainwater (snow) as

prognostic variables. Furthermore. we need to malee sure that these schemes could

interact properly and are coupled with other dynamic as well as physical processes in the

RFE model. Thus. a well-documented squaliline case. i.e•• that occurred during 10-11

June 1985. will be used to test the capability of the RFE model in reproducing the basic

internal structures of the system as verified against high-resolution network data. Then.

the model will serve as a numerical tool to investigate the interesting features of other

rnidlatitude squalilines. namely the 14 July 1987 squall system near Montreal and the 26­

27 June 1985 PRE-STORM squallline.

In the next chapter. the important dynamical and physical aspects of the RFE model

are described. In chapter 3. we test the capability of the RFE rnodel in reproducing the

precipitation and mesoscale structures of the 10-11 June 1985 squaliline (e.g.• Johnson

and Hamilton 1988; Rudedge et al. 1988; Zhang et al. 1989; Zhang and Gao 1989;

Biggerstaff and Houze 199Ia,b). Chapter 4 shows the importance of gravity waves in the

development of the squall system associated with the 14 July 1987 Montreal flood. The

dynamical and physical processes leading to the development of a stratiform rainband

behind the squallline are investigated in chapter 5. In chapter 6. wc use the numerical

prediction of the 26-27 June 1985 PRE-STORM squaliline to examine the along-line

variability of the internai flow structures. Presentations given in chapters 3-6 represent

materials. each as an article. submitted for publication in the journals of Wea. and

Forecasting, Atmos.-Ocean. and Mon. Wea. Rev. A summary and future work are

described in chapter 7.
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Chapter 2

The regional Rnite·element model

The RFE model, which is now used operationally for forecasts up to 48 h at the

Canadian Atmospheric Environment Service (AES), is an ensemble of subroutines trcating

an extensive range of atmospheric processes with state-of-the-art techniques. The model

is divided ioto two parts to handle the dynatnical and physical aspects separately. Figure

2.1 shows graphi~ ...tly the main philosophy and structure of the RFE model. A brief

description of the important aspects of the model is given as follows.

2.1 the dynamies

The dynamical and numerical aspects of this model were first inttoduced by

Stal.iforth and Daley (1979), and recendy described by Tanguay et al. (1989). The

goveming equations of the model are the hydrostatic primitive equations on a polar­

stereographic projection using the (J (normalized pressure) vertical coordinate. The

horizontal momentum, thermodynamic, continuity, moisture and hydrostatic equations

are:

~+~ + l'tain P. = -tU _(U2+ y2) as + pv (2.2)
dtav ay 2 ay

dI._RT/dln p. +.li)= pT (2.3)
dt ëp\ dt (J

12
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1

DYNAMICS·ADIABATIC

Solve the primitive equations with
no physical forcinS_
(u.v.T,qv.~,qr)F =0

Solve a HelmollZ equation for W
and recover all the other vuiables.
Finite-elements. semi-impl1cit time
discretization and semi·Lasransian

3D advection
Q(I).g(o·1) + NO _ 0

2ât
witb

G .. (Q. D, T'l PI, qy. ~, qr)

HORIZONTAL DIFFUSiON

Q(2).Q(I) _ FIOO )

2ât
wbere
FI_yV2

!
RADIA110N l'ACKAGE

Calculale the inRuence of solar radiation
on the l'0und propertiel (conllderlns clouda)

and also the infrared cool1ns·warmins al
e&cbi,evel

l'IL l'ACKAGE

Calculale venical diffusion coefficient as weil
u surface and lep soil vuiables

IMPLICIT VERTICAL DIFFUSION
(PBL aad ndlallon)

Q(3).Q(2) _ F20(21
2At •

where

F.!'v = aIA2"-~12 a;; ..... élG.

Fr-~A2K""'~~~-~Co)1
1Y·ïA2K~1

CONDENSA110N SCIIEME

Implicit and ..pllcit condensation
Q(n+l). Q(3) .. F30 (3)

2At
for the lemperature, specifie humldity,
cloud waler/lce rd rainwater/.now

ROIlERt 11ME FlLftR

The hlstorlcal vuiable. of the
model are fillered accordlns 10:
Fnll) .. F(l) + ~F(I+4t)-2F(I)+F(I+4t)1

•

Fig. 2.1 Main f10w chart of the RPE model.
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• (2.6)

(2.7)

1

•

Here, p is the pressure, Ps il; the surface pressure, éJ =da/dt, ,is the geopotential

height, T is the vinual temperature, qv is the specifie humidity, S =ml, mis the map-scale

factor, (U, V) =(ulm,v/m) are the wind images, (u,v) are the wind component along the

(X,Y) axes of ihe polar stereographic domain, D =S(Ux + Vy) is the horizontal

divergence,fis the Coriolis parameter, R is the gas constant, cp is the specific heat of air,

and F represents the parameterized forcing terms. The vorticity equation is obtained by

taking the eurl of the momentum equations:

dQ= J_.!. (RTaln ps) +.!.(RTaln ps)L QD
dt1ax av av ax~

+Jau aiJ _av aiJ)+ JaF" _ap)
'\aa av acs ax '\ax av

where Q= S(Vx - Uy)+fis the vertical companent ofabsolute vorticity.

The model boundary conditions are chosen such that the mass is self contained. In

other words, there is no flow across the top, bottom or lateral boundaries, i.e., éJ =0 for- - -the top and bottom boundaries, and V . n = 0 for the lateral boundaries, where V = (u, v)

is the horizontal wind vector and ii is the normal vector.

The model integrates the goveming equations using a semi-implicit method (see

Robert et al. 1972), in which the fast-evolving linear terrùS are tteated implicidy whüe the

slow-evolving non-Iinear terms are tteated explicidy. This method permits the use of

rather long lime steps, as compared to those in models with the leapfrog scheme

(Staniforth and CÔ~ 1991). A semi-Lagrangian technique is adopted in the RFE model to

calculate the advection terms, thus allowing a further increase in time step, with no loss of

accuracy (Staniforth and Temperton 1986; Staniforth and CÔ~ 1991)•

14



The time-discretized equations are reduced to a single equation (Helmoltz problem)

• for a new variable. W, which is related to the divergence as

aw
D=-­

(la
(2.8)

The Helmoltz equation is discretized spatially according to the finite-element technique

(Strang and Fix 1973) that consists in expanding the dependent variables into piecewise

functions for ail three directions (x.Y. a). In the formulation adopted in the RFE model.

the basis functions are triple product of the unidimensional Chapeau functions ei(w) (see

Fig. 2.2):

eÏ(c.o) =0: elsewhere

(2.9)

(2.10)

(2.11)

where (l) is one of the three directions x. y or t1 and i=1, 2, 3...., N represents the nodes

on each directional axis. The dependent variables are expanded as:

Ni.NJ.N>
~ ijk

F(x.y.o) = ~ Fijke (x,y.O)
i,j,k=l

eijk(x.y.a) =ei(x) ei(y) ek(o)

(2.12)

(2.13)

where Fijk =F(Xi.Jjoa,J. Silice the basis functions are almost orthogonal to each other,

they ooly interact locally. Therefore. mathematical operations on functions expanded with

this method give rise to simple matrices, which can be manipulated efficiently at low

computational cost The Helmoltz equation for Wis solved using the Galerkin method

(Strang and Fix 1973), according to which the error caused by the use of these piecewise

•
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Fig. 2.2 Fonn of the Chapeau fonctions ei(w) used as a basis for the finite-e1ement
spatial discretization.
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Fig. 2.3 Example of the vertical distribution of the (J levels in the RFE model.
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•
polynomials is orthogonalized to the basis functions (see details in Staniforth 1987).

Then. all the historical model variables are calculated back from W.

One major advantage of the finite-elements technique over other methods is that it

allows the use of a variable-resolution grid in all three directions. For example. the

verticallevels are unequally spaced with an aggregate of levels in the lowest atmosphere

(sec Fig. 2.3). Of more originality is the use of a variable-horizontal resolution grid that

was introduced by Staniforth and Mitchell (1978) (see Fig. 2.4). In this grid

configuration. the central domain has a uniform resolution and is surrounded by a

variable-resolution mesh with grid-Iength increasing by a constant factor (gener.llly kept

smaller than 1.15) until it reaches the equator. This variable resolution self-nesting

strategy is an original way to have a model that is regional as well as hemispheric. thereby

simplifying the specification of the later.l1 boundary conditions.

2.2 the physlcs

• The physical processes in the RFE model. including both subgrid and grid-scale

diabatic processes. appear in the form of parameterized forcing terms given in Eqs. (2.1)­

(2.6). Table 2.1 lists the basic physical schemes that are available in the RFE model and

provides the associated references. In the next, we only describe the PBL. the implicit

and explicit condensation schemes. and the treatment of radiation.

a. Boundary layerparameterization

The surface temperature (Ts) is predicted for every land and ice dominated grid

points using the force-restore method. as described in Deardorff (1979). This surface

temperature is influenced by solar and infrared radiation. eddy exchanges of heat and

vapor with the air. precipitation mass flux and heat and water diffusion into the soil. Its

lime variation is computed from

•
~. =ë~H. + LvE. + eJ. <YSB'rt • Fi.) -( I·a lFsI] -~ T.· Tp )

17
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Fig. 2.4 Example of the hemispheric variable grid mesh projected on a polar
stereographie plane. The heavy rectllDgle indicates uniform high resolution of
2S km W1th the grid size increasing by the constant factors 1.134 northward.
1.142 eastward. 1.140 southward and 1.145 westward. Lines are drawn
every Spoints. a) represents the complete 141 x 125 grid whüe b) is only a
portion of iL '
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TABLE 2,1; Pbysfc:a! SChemes of the BEE mode!

• Surface energy Fon:e-restore method Benoit et al. (1989)
budget Deardorff (1979)

Planetary boundary Turbulent kinetic Mailhot and Benoit (1982)

layer eoergY Benoit et al. (1989)

Convective Fritsch.chappell scheme Fritsch and Chappell (1980)
parameterization Zhang and Fritsch (1986)

Kuoscheme Mailhot et al. (1989)

Manabe convective Daley et al. (1976)

adjustment scheme

Grid-scale Expücit moisture scheme Zhang (1989)

condensation Hsie et al. (1980)

Sundqvist scheme Pudykiewicz et al. (1992)

Supersaturation removal Mailhot et al. (1989)

scheme

Infrared radiation Sasamori scheme Sasamori (1972)

Garand scheme Garand (1983)

Solar radiation Simple scheme Delage (1979)

Pouquart·Bonnel scheme PouqUBrt and Bonnel (1980)

Horizontal V2 on (J surfaces Benoit et al. (1989)

diffusion

•
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• where ES and Cs are the soil emissitivity and capacity. respectively; a is the a1bedo; -ris

the Earth rotation pcriod; dT is the depth of soil diffusion diurnal wave; Lv is the latent

heat of vaporisation; F-ls• F-Ss are the incoming infrared and solar radiation at surface.

respcctive1y; Hs and Es are the turbulent fluxes of sensible heat and vapor; and asB is the

Stefan-Boltzmann constant.

ln the surface layer. which is the first turbulent layer above the roughness length

(~). the vertical fluxes of momentum. heat, and moisture. are determined by

Iw'Y~ =(C~YJf

(w·a·J. = CM CTIYJ (a. - aBJ

Here. CM and CT are functions of Za1Zo and the bulk Richardson number

RiB = g aV' - ays Z.
ay. ~+wi

(2.15)

(2.16)

(2.17)

(2.18)

The subscripts s and a refer to the surface and anemometer levels. w~ = ~W'ay·).h/ay. is

the convective velocity scale. and h is the PBL height. Using this formulation. the vertical

fluxes are large when the surface layer becomes unstable (i.e•• when RiB <0) (sec Benoit

et al. 1989; MaiIhot 1994).

Above the surface layer. the parameterized forcing terms are computed following

[ V,a,qy]f =-}~ p-;0-[ v',a'.qv'r (2.19)

where

•
'Y' K avw = - Maz

w'qy' =-K~az

20
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• w'O' =-K~~ - 1eH( k.k. ) )
(2.22)

and [ lt =dldt, KM and KT are the vertical diffusion coefficients for momentum and

temperature. Note that the counter-gradient term Ye is used here to a1low the presence of

upward fluxes in an inversion layer above the well-mixed boundary layer. This term is

weighted by a step function H that varies with height. The vertical diffusion coefticients

KM and KTare evaluated using the turbulent kinetic energy (TKE =E):

and the relations for KM and KT are:

2E = u'u' + v'v' + w'w' (2.23)

(2.24)

where Â. is a mixing length. a is a non-dimensional universal constant and Pris the Pmndtl

number which is the ratio of the momentum and heat turbulent diffusivities. The TKE is

predicted every lime step using

(2.25)

where BE/12 is a source term. CE312 represents viscous dissipation and the last term on

the rhs represents the vertical redistribution of TKE. For a more complete discussion of

the PBL parameterization. the reader is referred to Benoit et al. (1989).

b. Condensation physics

The trealment ofclouds in numerical models has been known for a long time ta have

a significant impact on numerical prediction of severe summertime weather systems (see

Frank 1983; Zhang and Fritsch 1988c; Molinari and Dudek 1992). In this section. we

describe two schemes that are newly incorporated inta the RFE model as part of the

• present thesis work.
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The convective (implicit) scheme used for this thesis is the Fritsch and Chappell

• (1980; hereafter FC) scheme. also described in Zhang and Fritsch (1986). The FC

scheme assumes that 90% to 100% of the CAPE must be removed during a convective

time scale ~c. which is specified to be between 30 and 60 min. For a parcel Iifted

vertically along a moist adiabat, the CAPE is defined as:

CAPE =1"" J Tu(z) - T(z) L.
lï T(z) ï

IJ'C

(2.26)

1

•

where LFC is the level of free convection. ETL is the level ofequilibrium temperature at

which the temperature of the upward Iifted parcel. Tu. is the same as that of the

environment, T. In the FC convective scheme. the feedback ta the grid-scale temperature

and humidity tendencies is proportional to the CAPE in one atmospheric column. The

model convection is triggered when the following two conditions are met: first. the

column is convectively unstable for a deep enough layer and second. the low-level vertical

velocity is strong enough ta lift the parcel ta its lifting condensation level (LCL). The

cloud top is calculated as the level where the negative area equals the positive area in skew

T Ilop p diagrams.

Once convection is initiated. the grid area is divided at every level in three parts: (i) a

convective updraft area (Au)' (ii) a convective downdraft area (Ad). and (Hi) an

environmental subsidence area (Ae). As the air in the updraft area is Iifted. condensate is

produced and then falls ta the ground as convective precipitation or evaporates in the anvil

and in the convective downdrafts. Driven by mechanisms similar ta that of the updrafts.

moist downdrafts have their origin at the level of free sink (LFS). which is the analog of

the LFC for the updrafts and is often located at the level of minimum Be' The downdraft

parcels descend until they become buoyanL Otherwise. they reach the ground. filling up

the lowest layers. The moist downdraft effect has been considered to be of primary

importance in the parameterization ofconvection (Zhang and Fritsch 1988c; Molinari and
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Dudek 1992). The tendencies for specifie humidity and temperature are then calculated

• from:

where

(
àqv) = Qv - qvo
àt FCP te

(2.27)

(2.28)

1

T(z) =Tu(z)Au(z) +Td(Z)Ac!(Z) + T.(z)A,,(z)
A,,(z) + Ac!(z) +A,,(z) (2.29)

~ (z) =qw(z)Au(z) + qvd(Z)Ac!(Z) +qv.(z)A,,(z) (2.30)
qv A,,(z) + Ac!(z) + A,,(z)

and Ta. qvo are the grid-scale vertical profiles of temperature and specifie humidity. First

guess of convective downdraft and updraft areas are used to calculate the CAPE of the

convectively-adjusted environment after the stabilization. The grid areas AlzJ. AtizJ, and

Aefz) are then adjusted in such a way to allow the scheme to remove the right amount of

buoyant instability (i.e.• between 90% and 100%).

To complete the treattnent ofclouds in the RFE model. an explicit moisture scheme.

based on Zhang (1989), Hsie et al. (1984) and Dudhla (1989). is coupled with the FC

scheme. This explicit scheme requires the incorporation of two additional prognostic

variables: cloud water/ice content qc. and rainwaterlsnow content q,. For efficiency and

economy reasons. a simple strategy is adopted in which the Iiquid phase is allowed 10

exist only beneath the OOC isothenn. and the solid phase above. The dynamical equations

are given as:

•
(à~vL=PCED + PRED - Pact

23
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• (2.33)

(2.34)

(2.35)

where the subscript "ex" denotes tendencies due to the explicit scheme, POCI is the

generation rate of cloud water/ice from supersaturation; PA UT represents the

autoconversion rate of cloud water/ice to rainwaterlsnow; PACR is the accretion rate of

cloud water/ice by rainwaterlsnow; PCED is the evaporation/sui>limation rate of cloud

water/ice or deposition growth ofcloud ice; PRED represents the evaporation/sublimation

rate of rainwaterlsnow or deposition growth of snow; FHD. FVD are respectively the

horizontal and vertical diffusion terms; and V, is the terminal velocity of the rainwater

(snow). The fourth term on the rhs of (2.33) represents the fallout of the rainwater

(snow), and the last term on the rhs of (2.34) is for the meltinglfreezing at the oDe

1 isotherm. The other symbols assume their standard meteorological meaning.

An important consequence of the incorporation of these two prognostic variables is

that the water loading effect due to the Iiquid and solid phases can now be represented in

the mode!. This is donc by modifying the hydrostatic relation (sec Zhaog et al. 1988):

olp RTw
oo=-(J"

where the new·"wet" temperature Tw is:

T =T.fI + qc+<Jr]-\
w i. l+qy (2.36)

•

where Tv is the virtual temperature. As expressed in (2.36), the presence of the liquid and

solid phases has the same effect as cooling, and thus it either slows down upward motion

or accelerates downward motion. Thus, the explicit moisture scheme contains the effects

of virtual temperature. hydrostatic water loading. condensation/evaporation,

deposition/sublimation. freezinglmelting, and the fallout of rainwaterlsnow.
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•
e. Radiation

The radiation scheme used for the numerical simulations presented in Ihis thesis is

simple (see Benoit el al. 1989). Its main purpose is to represent the effecl of solar and

infrared radiation in the lower atmosphere. The incoming solar flux at the surface is given

by:

FSs =So td te MAX( 0 •cos ZEN ) (2.37)

(2.38)
1

•

where So is the solar constant (1370 W m-2), 'td is the assumed clear air transmission

factor. 'te is a reduction factor associated with the amount of cloudiness and ZEN is the

solar zenith angle.

The infrared (or long-wave) radiation includes the absorption by water vapor and

carbon dioxide at each level according to the scheme developed by Sasamori (1972). No

water or cloud masking is considered in the infrared coolinglwarming of the surface. The

incoming infrared radiation at the surface is given by:

Fis =0.67 [~:6~2f'°8 B(Z.) + âFjs

where tiF-ls is an enhancement of infrared radiation at the surface in the presence of

clouds. B =aSBr4. and qva is the specifie humidity at the anemometer level. For more

details on the treatment of radiation in the RFE model. see Mailhot (1994).
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• Chapter 3

Numerlcal prediction 01 the 10·11 June 1985 squall IIne

3.1 Presentation 01 article 1

Defore using the improved mesoscale version of the RFE model to investigate the

dynamical and physical processes leading to the generation of particular mesoscale

structures within midlatitude squalilines, it is important to verify first that this model is

indeed capable of realistically predicting the initiation, evolution and internal structures of

such MCSs. Thus, we validate the model using the prediction of the squall line that

occurred during 10-11 June 1985 PRE-STORM. This case study was logically chosen

because this MCS has been weIl documented by Johnson and Hamilton (1988), Rudedge

et a!. (1988). Biggerstaff and Houze (199la,b), and Gallus and Johnson (1992); and weIl

simulated by research models (Zhang et al. 1989; Zhang and Gao 1989; Zhang and Cho

1 1992; GreIl 1993). Thus. strict and careful comparisons between the predictions, the

observations, and previous simulations are possible. This would gready facilitate

understanding of the problems related to severe weather warnings and quantitative

forecasts of precipitation, as weIl as confirming the validity of subsequent squall line

studies using the mode!. Moreover. comparisons with the predictions using the current

version of the operational model with different physical parameterizations would provide

information on. the importance of various physics treatments in the future improvement of

the operational mode!.

3.2 Article 1

Numerical prediction of the 10-11 June 1985 squallline with the Canadian regional finite­

element mode!. Dy Stéphane D~lair. Da-Lin Zhang, and Jocelyn Mailhot

Wea. Forecasting.9, 157-172•
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ABSTRACT

ln an effon to impro\'c operational fon:t35ts of mewscale con..'ecti\'c systems (MCSs). a mCS05l'ôlle ..'eniDn
orthe operational Canadian Regional Finitc·Elc:ment (RFE l Model wilh a grid size of 25 km is uscd to predi..1
an intense MCS lhat occurrcd durins 10-11 June 1985. The mesoscale ...ersion of the RFE modc:Il.'Onlains the
Fritsch-Chappell scheme for the trealment ofsubgrld-scale convmi\'e prOCl'SSCS and ZI~ eAplicit scheme for Ihc
tmtment of grid-scale cloud waler (ice) and rainwaler (snow).

Wilh higher resolulion and improvt..'d condellS3tion physics. the RFE model reproduccs muny delailcd strul.1ures
of the Mes, as compared with ail aV"oIilable observations. In panicular, the model prediets weil the timins and
location of the leading conve:clive line followe:d by stratifonn precipitation: the distribution ofsurface tempc:ratun:
and pressure penurbations (e.g., cold outDow boundaries. mesolows. mesohighs, and wakc lows); and the
circulation of front-to-rear Dows Bt bath upper and lower levels scparated by a n:aNo-front Oow at midlevels.

Severa! sensitivity eAperiments an: performcd to examine the elfccts of vnrying initial conditions und mode1
physics on the prediction of the squall system. Il is found that bath the moist convec1ive adjustment and the
Kuo schemes can reproduce the line structure of convective prccipiUltion. However. these two schemrs are
unable to reproduce the internai Dow structure of the squall system and the peninent surfilee pressure and
thermal penurbations. Il is emphasized that as the arid resolution incrœses. reasonahle treatmenlS of bath
poIrameterized and grid-scale condensation processes are essential in ohtaining rcalistic predictions ofMCSs and
associatcd quantitative precipitation.

•

1. Introduction

Due to rapid increases in computer power in reœnt
years. operational numerical models have improved
markedly by refining their numerical and physical
schemes. and by increasing their grid resolution. wllkh
very saon will be high enough to resolve mesoso.aie
convective systems (MCSs). As a consequence. grow·
ing allention is now being paid to improve mesoscale
weather forecasts at numerous operational meteoro­
logical centers. These improvements have led to re·
markable progress in operational prediction of large·
scale pressure systems (e.g.. extratropical cyclones).
However. the progress in quantitative precipitation
forecasts (QPFs) and severe weather wamings has
lagged substantially behind the large·scale forecasts
(e.g.. Charba and Klein 1980: Sanders 1979). This is
panicularly true during the wann season when a large
ponion of annual precipitation is produced by MCSs

Comspondlng "/Uhor addrt!ss: Sliphanc o.!lair. Depanm.nl of
Almospherie and Oœanllllllphie Sei.n.... McGiII Univenity. 84S
Shetbrook. SI.... West. Mont..... Quelle<: HlA zn. Canada.

(e.g.. Fritr..:h et al. 1981: Heideman and Fritsch 1988).
which are generally too small to be resolved by the
conventional data network and handled by current op­
erational models. Therefore. the improvement of the
average skill in QPFs for the warm season has occurred
much slower than that for the cold season (Ramage
1982). Similarly. the average skill in QPFs for precip­
itation systems forced by mesoscale mechanisms has
been much iower than thosc forced by large·scale pro·
cesses (Fawcell 1977; Heideman and Fritsch 1988:
Fritsch and Heideman 1989). Thus. it appears that
significant improvements in QPFs and severe weather
wamings are possible when mesoscale weather systems
can be beller predicted by operational models.

Although the relationship between the grid resolu·
tion and the mesoscale structure is easy to understand.
it is not clear how an increase in horizontal resolution
will improve numerical prediction of mesoscale quan·
titative precipitation and severe weather events. Fint.
since numerical weather prediction is an initial·value
problem. the details contained in the initial conditions
are of primary imponance. Numerous studies have
shown tbat numerical simulations of MCSs are very
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sensitive to changes in the initial humidity, tempera·
ture, and horizontal winds (Kelly et al. 1978; Zhang
and Fritsch 1986a; Chang et al. 1986). Oearly, this
imposes a severe Iimit on the quality of mesoscale
weather forecast, ;iarticuJarly considering \hat the initial
conditions in an operational setting are far from ade­
quate in providing mesoscale details. Second, as the
grid resolution increases, solutions corresponding to
more energetic and transient circulations May become
imponant. Their interactions with diabatic heatingl
caoling and boundary·layer processes May produce
significant undesirable small·sca1e perturbations. Thus,
certain physical parameterization schemes designed for
coarse·mesh models May prove inadequate for fine­
mesh models. This is especially true for the treatment
of moist convection that could change drastically as
the horizontal grid size decreases from hundreds ofId·
lometers to tens of Idlometers (Frank 1983). For in·
stance, the large·sca1e models need to parameterize
both deep convection and mesoscale circulations,
whereas mesosca1e models need only to parameterize
deep convection, since the mesoscale circulation can
he explicitly resolved. As the grid size is further reduced
(e.g., <5 km), ail convective elements can heexplicilly
resolved, and convective parameterization can he by·
passed. But even for a grid mesh of 10 km, some type
of parameterization is still needed in order to remove
rapidly conditional instability in a vertical column and
help activate grid·box saturation at the right time and
location (Zhang et al. 1988). Therefore, for models
with intermediate grid size (i.e.. 20-30 km), it is es­
sential that a realistic convective parameterization he
coupled with an explicit scheme treating solid, liquid,
and vapor phases (Zhaog et al. 1988; Molinari and
Dudek 1992). Such an approach bas proven to provide
a broader spectrum ofinteractions between the subgnd·
and the grid·scale circulation, and thus, it will also he
adopted fOl .:,e present study.

Using the above-mentioned approach with The
Pennsylvania State University1National Center ofAt·
mospheric Research (PSU INCAR) Mesoscale Model
(Anthes et al. 1987), in which the Fritseh-Chappell
( 1980, hereal\er F'Ç) convective scheme and an explicit
scheme were incorporatee!, Zhang et al. ( 1989, hereafter
ZGP) have obtained a successful simulation ofan in·
tense squallline that occurred on 10-11 June 1985
during Preliminary Regional Experiments for STORM·
Central (PRE·StORM, Cunning 1986). For this case,
the Limited·Area Fine-Mesh Model at the National
Meteorological Center (NMC) and the spectral model
at the Canadian Meteorological Centre (CMC) failed
in predicting total prl'Cipitation and severe weather
events associated w1th this MCS. Oearly, the coarse
grid meshes used at the time in these models (for ex­
ample T59 for the Canadian spectral model) could
partlyexplain the failure. It is unlikely, however, \hat
the squall system could he weil predicted by simply
increasing the horizontal resolution to 20-30 km.
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Therefore. a firs! objective of this study is to demon­
strate. with the Canadian Regional Finite-Element
(RFE) Model, the potential for operational models to
predict the internai structure and evolution of MCSs
and to significantly improve QPFs and severe weather
warnings if both high grid resolution and compatible
model physics are implementee!, Asecond objective is
to determine the sensitivity ofthe numerical prediction
ofthe 10-11 June 1985 squallline to dilferent implicit
and explicit condensation schemes and to dilferent selS
of initial conditions.

Mesoscale versions ofthe RFE model have been ap­
plied in the research mode to a wide vaùty of win­
tertime meteorological events, includi..g explosive
marine cyclogenesis (Benoit et al. 1989; Mailhot et al.
1989; Mailhot and Chouinard 1989), springtime con·
tinental cyclonic development (Staniforth and Mailhot
1988), polar air mass transformation (Mailhot 1992),
and polar lows (Roch et al. 1991). However, the model
bas not been fully tested with summertime cases in
which larger·scale forcing is relatively weak and the
atmosphere isless stable. Hence, the present study rep­
resents the first elfort to assess more thoroughly the
performance of the RFE model in predicting the in­
ternai structure and evolution of MCSs, through the
case of the 10-11 June 1985 squallsystem.

The presentation of the results is organized as fol­
lows. Section 2 describes the mesosca1e version of the
RFE model. Section 3 provides verification ofthe con­
trol prediction against detailed observations. Section 4
presents the sensitivity ofthe model forecast to varying
model physics and initial conditions. A summary and
concluding remarks are given in the final section.

2. Model system aDd IlIltiallzatloo

The mesoscale version of the RFE model used to
simulate the 10-11 June 1985 MCS is very similar to
the current version ofthe operational model. The main
dilferences include (i) a decrease ofthe horizontal grid
size to 25 km (as compared to 50 km in the recently
implemented operational version) in the core region
of the variable grid (Fig. 1), (ii) the incorporation of
an explicit moisture scheme and a more appropriate
convective parameterization; and (iii) the enhance·
ment of the CMC anaIysis to include some mesoscale
details. Table 1 summarizes the basic features of the
RFE model used for this study.

a. Dynamics

Staniforth and Daley (1979) and Tanguay et al.
( 1989) provide a detailed description ofthe dynamical
and numerieal aspects of the RFE model. The hydro­
statie primitive equations in /1 coordinates (pressure
normalized by surface pressure) are integrated using a
semi.implicit temporal discretization and a finite-ele·
ment spatial discretization. The finite-element tech·
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TABLE J. Summary orthe mesoscale RFE model.

Nllmerics
• 3D hydrostatic primitive equations
• semi·implicit lime discretization
• semi-L.aarangian scheme (or 3D ad\,ec:tion (lime step: JOO 5)
elinear finite clements in (x. )'. cr)
• variable horizontal resolution Brid overlaid on li polar

stmosn!phic projection (25 km in fine grid)
• t9 (1 levels ....ilh hish resolution in the lowest 1SO mb
• sec:ond.order horizontal dilfusion for tcmperature, vonicity.

and divergence
• 0.50 oropaphy field

Ph)'sirs
• planetary boundaJy layer (PBl) based on turbulent kinetic

energy
• diaanostic PBl heighl
• impliclt vcnical diffusion
• surface energy budset based on fon:e-rmore method
• diurnal cycle with 501ar and infrared fluxes at graund

modulatod by doucis
• infrared and solar radiation OUles calculated at alileveis
• diaanostic cloud cover
• Fritseh-Chappell scheme for parameteriud moiSi convection
• expliclt moisture schemc containing prosnostic equations for

t'loud water/ice and rainwaterlsnow

nique provides the f1exibility ta use a uniform. high.
resolution mesh in the central domain surrounded by
a smoothly varying resolution mesh in which the grid
size increases by a constant factor until the equator is
reached (Fig. 1). This variable resolution self·nesting
stratcgy is quite uselùl for regional·scale and mesoscale
modeling (Staniforth and Mitchell 1978: Staniforth and
Mailhot 1988)and bas severa! advantages (Gravel and
Staniforth 1992). Salid wall f10w conditions are im·
pose<! at the latera! boundaries tangent to the equator.
A semi·Lagrangian scheme is used to treat horizontal
and vertical advection, which a1lows a much longer
time step (with no 1055 of accuracy) than Eulerian·
based advection schemes whose time step is Iimited by
numerical stability. Here, a time step of 300 s is used
for the present model integration with a fine·mesh size
of25 km.

b. Physü:s

The RFE model contains a comprehensive set. with
several options, of parameterization schemes ofphys­
ical proeesses(Benoit et al. 1989: Mailhot et al. 1989).
ln the present study. severa! important additions and
improvements to the physics have been incorporated
in order to better address the numerical prediction of
summertime MCSs and severe weather events. In par·
ticular. a detailed convective parameterization scheme
including moist downdrafts and an explicit micro­
physica1 scheme have been added. The basic properties
of these two schemes are describcd briefly herein.

ln the mesoscale version (If the RFE model. an im·
proved version of the Fritsch and Chappell (1980)
convective parameterization scheme bas been incor·
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poraled (Zhang and Fritsch 1986b). In Ihis scheme.
the convective available potential energy (CAPE) de­
termines the amount ofconvective heating. moistening.
and precipitation. and it is removed during a convective
time scale T<(time needed for midlevel winds 10 advect
horizontally the paramelerized clouds across one grid
length: in the scheme. this parameter is forced to lie
between 30 and 60 min). The scheme divides a grid
box into three pans: convective updrafls. moist down·
drafls. and compensating subsidence. It is assumed that
convective effcets are dominated by deep clouds: thus.
this scheme is most suitable for a grid length of about
20-25 km. Deep convection is triggered when the
mixed boundary.layer air is warmer Ihan its environ­
ment aller it is raised to the lifting condcnsation level
and warmed by a temperature perturbation being pro­
portional to ","), where '" is the grid.scale vertical ve­
locity. The air parcel acceleratcs upward as long as it
is buoyant: it entrains environmental air while moving
upward and detrains condensate aller reaching the
equilibrium level. Moist downdrafls behave in a way
similar to updraf\s, except that they are initiated atthe
level offree sink, which is ollen the level with the min·
imum equivalent potential temperature (sec Fritsch
and Chappell 1980). The inclusion ofmoist downdrafls
has been shown to be essential in reproducing many
important meso-p·scale structures of MCSs, particu·
Iarly for those that occurred within weak gradient en·
vironments (Zhang and Fritsch 1988: Zhang and Gao
1989).

The resolvable-scale moist physics scheme used
follows that described in Hsie et al. (1984), Zhang
(1989), and Dudhia (1989). This scheme treats
cloud water (ice) and rainwater (snow) as prognostic
variables. Thus. two additional equations are solved
and the equations for specific humidity and temper·
ature are modified to account for the elfects of ail
diabatic processes. They include (i) virtualtemper·
ature in the ideal gas law, (ii) water loading in the
hydrostatic equation, (iii) condensation/evapora·
tion. freezing/melting. and sublimation/deposition
ofcondensate, (iv) autoconversion and accretion of
cloud water/ice into rainwater/snow, and (v) fallout
ofrainwater/snow. A simple and economic strategy
is adopted to treat cloud water/ice ar.d rainwater/
snow. in which the solid phases are allowed to exist
at levels with temperature less than O·C and the Iiq·
uid phases (i.e.• cloud water and rainwater) at tem·
perature above O·C.

c. In;/;aliza/;on procedures

As in other national centers (e.g.. Mills and Scaman
1990; DiMcgo et al. 1992). CMC bas recently impie·
mented a regional data assimilation spinup cycle to
replace the previous s10bal analysis system for initial·
izina the RFE model (Chouinard et al. 1994). Apart
from providing hïgher·resolution initial c:onditions, this
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assimilation system provides dynamically balanced
fields to reduce initial moisture and precipitation
spinup problems. However, this regional analysis sys­
tem was not readily available for the present study. 50
a simple procedure. described in the following, was
adopted to obtain beller initial conditions. The RFE
model is initialized at 1200 UTC 10 June 1985 with a
blend of initial conditions from the CMC archived
analysisand the limited-area PSU/ NCAR analysis l:Sed
by ZGP. Specifically, the initialization procedure begins
by interpolating the archived CMC objcctive analysis
from low resolution (the resolution was around 300
km atthat time) to the variable resolution grid mesh.
To add mesoscale details to the CMC analysis. the ini­
tiai conditions used by ZGP are employed to enhance
the analysis over a limited aren covering most ofNonh
America. The ZGP initial conditions are obtained usillll
the PSU /NCAR analysis package. Thisanalysis essen-
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tially uses the NMC global analysis as first·guess fields.
which are enhanced with the standard rawin50nde ob­
servations over Nonh America using a Cressman.type
objective analysis technique (Benjamin and Seaman
1985). The high.resolution fields resulting from this
analysis over a Iimited aren are then incorporated into
the CMC analysis by a Cressman ( 1959) analysis and
will he referred to as the enhanced analysis (to controlSt
with the original CMC analysis). No balancing between
mass and wind field is done: only the venically inte·
grated divergence is removed from the wind fields to
minimize the noise carly in the model integration. No
funher initialization procedure is performed for the
present study. Note that only conventional data are
used in the procedures described above. since the PRE.
STORM network did not collcet supplementary data
until2100 UTC 10 June when the squailline developed
and began to move into the network.
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3. Model verification

Figure 2 shows larger-scale conditions atthe surface
and 700 mb atthe model initialtime (i.e.• 1200 UTC
10 June 1985). A southwest-northeast-oriented shal­
low surface cold front and a midlevel short-wave trough
were \ocated in the western part of Colorado. Later.
they moved southeast toward the PRE-STORM net­
work and provided an importanttriggering mechanism
for the development ofthe squailline. A weak surface
cyclonic vortex was present near the intersection of
Wyoming. Nebraska. and South Dakota. Worthy of
notice is the presence ofa decaying MCS that was re­
sponsible for high relative humidity over the network
region atthe model initialtime. A low-Ievel jet brought
warm and moist air over Texas into the PRE-STORM
network.

Figure 3 compares the model-predicted sea level
pressure. surface temperature. and accumulated rainfall
distribution to the mesoscale analysis by Johnson and
Hamilton (1988. hereafter referred to as JH). The JH
analysis shows thatthe squallline was initiated around
2100 UTC 10 June ahead of the surface cold front.
Thcn. the squallline intensified rapidly as it propagated
southeastward into the network. At 0000 UTC (Fig.
3a). the squall gust front intersected a weak outDow
boundary associated with the decaying MCS in castern
Kansas. The squall system entered ilS mature stage at
0300 UTC (Fig. 3b). Ils surface pressure distribution
is characterized by a presquall mesolow. a mesohigh.
and a wake low. Dy 0600 UTC. the squallline began
to dissipate as it was aboutto move out of the network
(Fig. 3c). A mesohigh and two wake lows were quite
evident in the JH analysis. The passage of the squall
system during ilS Iife cycle has also becn weil captured
by rawinsondes. conventional and Doppler radars. and
wind profilers (sec JH; Rutledge et al. 1988; Diggerstaff
and Houze 1991a.b).

Although the RFE model was initialized with con­
ventional observations. it reproduces very weil many
observed mesoscale details oftheevent. First. the model
prediclS reasonably the initiation of the squall line at
nearly the righttime and location. and it also captures
the dissipating MCS over eastern Kansas and Okla­
homa during the initial hours (not shown). At 0000
UTC (Fig. 3d). the predicted squall position and the
outDow boundary associated with the decaying MCS
conform reasonably wellto that observed. Second. as
the system moves southeastward and enters the mature
stage. the model reproduces the presquall mesolow.
mesohighs, and wake lows(Figs. 3e. f). The orientation
and propagation of the squall line also compares fa­
vorably to the JH analysis. Third. the RFE model pre­
dicts a temperature gradient of about 6°C across the
squallline. which agrees with the 5°_goC values ana­
Iyzed by JH. Note that the arc-shaped portion of the
squallline is also weil depicted by the forecast. These
resullS are very encouraging. particularly when consid-
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t 10 m'1
FIG. 2. Enhnnl."Cd initial candirions al 1200 UTe lU June IIIHS.

(1) 700..mh geopotentilll height (50lid. cvery J dam. and lemper.llul'e
(dosltcd. every S·C): (b) surface "'Ialive humidily Cdashcd••very
10%). surface wind 't'mors. and 5CA Icvel prn.'\ure (sulid. cvery 2
mb). Different shadinas an: used 10 indicatc values of relative hu­
midily Il"',ucr Ihan 70%. 80%. and 90'1"

ering that allthese meso-p-scale features are genenued
from initial conditions using only conventional data.
The results suggest that the boundary layer. the con­
vective parameterization scheme. and the explicit
moisture physics used in the model are realistic enough
to reproduce the evolution of the squall system.

The realistie prediction ofthe squall system is further
evidenced by the evolution of resolvable-scale and pa­
rameterized rainfall rates (sec Figs. 3g-i). The distri­
bution and orientation resemble the radar reDectivity
analysis (Fig. 4) by Rutledge et al. 119g8) and the
composite radar reDectivity constructed hy Biggerstaff
and Houze (199Ia). Specifically. the model handles
reasonably weil two diffen:nt types of precipitation
mechanisms. namely. a line of (parameterized or im­
plicit) convective precipitation that is trailed by a zone
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Fla. 3. The upper .....1IIIowssurf... m.....naIyses rrom Job...,n and Hamilton ( 1988)al (a) 0000 UTC. (b) 0300 UTC. and (c) cv.oo
UTC Il Ju.. 1985. DaIhcd double-<lollines indicalC outllow boundarics. ................ convated 10 518 m: uniu .... in HI-ror c.....p1c.
85 - 29.85 in HI (noie lhall in HI- 33.9 mbl. Wind spceds .... denOlCd wim a rull bubequallo 5 m .-'. The middlc ...nol IIIowslhe
prediClCd sealcvd pmsu", (101id. overy 1mb).nd surf... IempaaIU", (cIaIhed. every 2'C)rrom (d) 12·11. (0) l5·h••nd CO 18·h control
in.....lion. The Iower pond shows lhe pmIic:1Cd pickcoIc (daIhed) and convective (shadedl mnrall raIeS wim conlOU" denolinl 1. 5. 10.
and 20 mm h-' valid al (1) 0000. (h) 0300. and (i) 0600 UTC Il Ju.. 1985. The pmIic:ICd IOUndinlal poinl S is li... in Fil- 7. and
venical profiles or1. ahead and behind lhe li.. (poinu Aand B) .... 1hown in Fil- 10.

• of( n:solvable orexplicil) stralifonn precipitation. The
lIl8IIIilude oflhe stratiform precipitation increases with
time and raches ils maximum eXlenl near0600 UTC.

32

Il ÎI inleresting 10 note lhal Ihe model produces one
convective rainfall maximum 10 Ihe soulh and another
one 10 the north a10ng the leadingline duringlhe ma·
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0600 UTC

FIG. 4. Radar ..OectivilY onaJysisat 0600 UTC Il June 1985
([rom Rutled&e etai. 1988).

ture and decaying stages. with two corresponding rain·
fall maxima in the trailing stratifonn region. 8etween
these two types of rainfall maxima there is a zone of
weaker precipitation called the "transition zone"
(Smull and Houze 1995). According to Biggerstalfand
Houze ( 1991a). the enhanced stratifonn precipitati"n
resulted from a cooperative process in which precipi­
tation-sized panicles are supplied by the convective
ponions ahead and increased by condensation1depo­
sitional growth in the strong mesoscale ascent (see their
Fig. 15).

Figure 5 compares the predicted accul1!ulation of
precipitation to the JH analysis. In general. the distri­
bution and amount compare favorably with that ob­
served. For example. the model predicts a maximllm
of more than 60 mm of total precipitation in Ihe
nonhern pan of the PRE-STORM network. of which
the implicil (or Fe) scheme accounts for 60% ofthe
lotal production. The explicit scheme aIso produces a
significant fraction ofprecipitation associaled with the
squall system, with two maxima localed near the mllior
wake lows. Note that the predicted grid-scaJe precipi­
tation is larger \han Ihe analyzed. This appears to be
due to the use ofdilferent procedures 10 panition total
precipitalion into convective and stratifonn compo­
nents. The observational analysis of precipitation in
JH is based on tt.e magnitude of relative rainfall raies
(i.e•• a rainfall raie of <S mm h-, is defined as "strat­
ifonn"; otherwise defined as "convective"). whereas
the modeled grid-scale precipitation is generaled by
grid-box (25 km X 25 km) saturation. in which some
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ponion could be trealed as "convective:' Therefore,
the predicted stratifonn rainfall accounts for roughly
45% of the lotal accumulations. as compared 10 29%
analyzed by JH.

Of funher importance for this integralion is Ihe
model's capabilily 10 predict olher important meso-Il­
scale elements (see Fig. 6). Specifically. il is encour·
asing that the model reproduces remarkably weil an
ovenurning updraft along Ihe leading line. a front·le­
rear (FTR) ascending Dow extending from the bound·
ary layer ahead of the syslem to Ihe trailing slratifonn
region near the lropopause, and a rear-te-front (RTF)
descending Dow beneath Ihe stratifonn c1ouds. Nole
how Ihe area of grid·box saturalion and precipitable
water content expands rearward as the system evolves.
Dy 0600 UTC. a stralifonn region of 300 km in widlh
has fonned behind the convective line, wilh Ihe cor·
responding inte· 'al circulations tifting upshear. This
upshear till is a "pical characteristic ofsquall syslems
al the de.."1Iying stage (Rotunno el al. 1988). Zhang
and Gao ( 1989) have demonstrated that Ihese circu­
lation Slructures car. be realistically reproduced mainly
bec3use oflhe use ofa couplcd explicil-convective pa­
ramete.ization j)3ckage Ihal includes Ihe effecls of
moist downdrafts. This point will be funher shown in
the next seclion. Specifically, wilh an explicit moisture
scheme. condensate is generaled in and allowed 10
move with Ihe FTR ascending Dow. As condensale falls
inlo a subsaturaled column. grid-scale downdrafts
could be induced by cooling from sublin~3Iion. melling,
and evaporation. As a result of the laient heating and
cooling occurring al dilferent locations. vanous inlernal
struclures of Ihe squall syslem can be induced. In Ihe
present case. whelher or not the RTF descending Duw
can be weil generalcd delennines the developmenl of
other meso-tl-scale elements within Ihe squall system
(ZhangandGao 1989; Zhang 1992). Asshown in Fig.
6b. the descending Dow is must inlense along Ihe in­
terface belween the leading edge of a dry poekel and
the stratifonn cloud boundary. thus corresponding 10
more pronounced cooling by sublimation. melting, and
evaporation. Toward the rear. less precipitable water
is available for evaporation. so adiabatic warming ex­
ceeds diabatic cooling, which gives rise to an onion­
shaped sounding near the cenler of a wake low (see
Fig, 7). This process is also responsible for the gener­
ation of surface wake lows (see discussions in JH and
ZGP). The role ofcold outDow (Figs. 3d-f)in helping
to trigger new convection ahead of the leadingline is
aIso evident from Fig, 6b.

4. SeaIIltlvlty experlmentl

After documenting in the preceding section Ihe re­
markable agreement between the predieted and the
observed events, it is now possible to use \hat forecast
as a control run 10 assess the relative importance of
various proceIles in obtaining the successful prediction.
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Fln. 5. The upper ponel shows Ihe o""'",ed lICCumulaled ralnrallamounl (every 10 mm) analyud ror (a) enlire squall system. (bl
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(every 10 mm) heI_n 2100 UTC 10 June and 1200 UTC Il June 1985 ror (d) lotal preeipillllion. (e) convective ponion. and (f) grid·
saale portion.
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This can be done by delermining Ihe sensilivily of Ihe
model solulion 10 changes in certain paramelers white
holding ail olher paramelers idenlical 10 Ihose in Ihe
control run. Foursensilivity experiments are conducted
to test the effects ofdifferent parameterization schemes
for condensation and the impact of the initial condi·
tions (see Table 2). The impacts of evaporation. ice
microphysics. parameterized moisI downdrafts. and
waler loading have been investigaled by Zhang and
Ciao ( 1989). and the effects of using the Arakawa­
Schuben ( 1974)convective scheme bas been tesled by
Cirell (1993). bath wilh the PSU1NCAR Mesoscale
Model.

a. Tlle m/lis/ convective adjlls/ment scheme (MCA)
Due to its attractive SÎmplicity. Ihe moist convective

adjustment (MCA) scheme introduced by Manabe et

34

al. ( 1965) to handle convective precipitation has been
widely used in large-scale models (e.g.. Kurihara 1973:
Krishnamuni et al. 1980) and. unlit recenlly. in the
operational RFE mode!. In this scheme. venical ad­
justment oftemperature and moisture takes place only
for the pan of the sounding for which the relative hu­
midity and the Iapse rate exceeds 90% and the moist
adiabatic lapse rate. respectively. ThUs. the purpose of
this experiment is to examine the performance of the
RFE model in predicling Ihe 10-11 June 1985 squall
events when the FC implicil scheme is replnced by an
MCA.type scheme.

Despite the simplicity of the MCA scheme. the
model reproduces a line of intense precipitation thal
propagates southeastward aeross the network (see Fig.
8). However. there are several deticiencies with the
integration. Filst. the squall line is initiated around
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b. Th/! KI'" selrem/! (KUO)

The RFE model physics contains. as an option. the
Kuo ( 19741 cumulus paramelerization scheme (sec
Mailhot et al. 1989) that includes a simptified descrip­
tion of microphysical proccsses. such as evaporation
of precipitation. formation of liquid{solid precipita­
tion. and freezing{melting ofprecipilation phases. The
Kuo scheme is activatcd when the column.integratcd

using the MCA fails 10 reproduce the mesohighs as·
sociatcd with cold downdral\s (parameterized and re·
solvabte-scale1 and wake lows associatcd with de·
scending rear inOow. even though a significant amount
ofprecipitable water is available behind the convective
line. This appears to be allributable to the lack ofstrong
grid-scale cooling. In particular. as suggestcd by the
extensive area of explicil precipitation given in Figs.
8a-c. the atmosphere behind the conv.octive region is
saturatcd throughoutthe troposphere (not shown 1. 50
very weak grid·scale sublimation and evaporation oc·
cur. Zhang and Gao ( 1989) showcd thatthe grid·scate
cooling is instrumental in generating the intense de·
scending rcar inOow and surface pressure perturbations.

To gain further insight into the role ofdifferent con·
vective schemes in stabilizing a vertical column. Fig.
10 displays vertical profiles of equivalent potential
temperature (0,1 that are taken ahead of and behind
the squall system. It is obvious Ihat Ihe FC scheme
removes efficiently almost ail ofthe CAPE by heating{
moistening the upper tropospherc and cooling{drying
the lower troposphere. In contrast. the MCA scheme
produces a deep layer ofsubstantial cooling and drying
in the lower half·portion of the almosphere. but il
hardly affecls the 0, profile aloft. Apparently. this is
because the vertical adjustment scheme aetsonly locally
and il could not penelrate into Ihe potentially stable
layers in the upper troposphere. As a resull. the vertical
stabilization is not as complete as that in the control
run.
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0000 UTC II June. which is 3 h later than that in the
control run. This delay appears to be re!atcd to the
initial model spinup problem in which a criticat relative
humidity value has to be reachcd before allowing ver­
tical adjustment. whereas in the control run the acti·
vation of the FC scheme does not require such a con­
dition to be met. This 3·h delay atso accounts for the
lag of the predicted squall system in the MCA run.
Second. the squall system disptays an east-west ori·
entation. as compared to the actual northeast-south·
west orientation of the system (cf. Figs. 4 and 8). This
could also be altributed to the basic assumption in·
volved in the MCA scheme. Specifically. because of
the relativety moist atmosphere overcentral and eastern
Kansas. the convective adjustment and the as50Ciated
forcing take place earlier than that to the west. This
can he secn from the more extensive parameterized
and explicil rainfall overthe region (sec Fig. 8a). Third.
the MCA integration produces a wider conveetive re·
gion and a more extensive area of stratiform rainfall.
as compared to the control run. In particular. a large
area of these two rainfall regimes is overlapped. indi­
cating that much of the explicit heating occurs under
conveetively unstable conditions. As a resull. strong
upward motion (> 1 ms·') hasdeveloped in the con·
veetive region (not shown).

Figure 9 shows the distribution ofsea level pressure
and surface temperature from 18·h prediction using
the MCA scheme. C1ear1y. the scheme could produce
low·level cooling in the lower layers that leads to the
generation ofstrongIemperature and pressure gradients
across the squall system. However. the model when

fla. 6. Venical cross section of relative humidity (saUd Unes. every
10%) and pn:cipitable waler boundaries (>1 g kg-', dashed Iines),
superpti5eCI with relative Oow yetlors normal to the squallline al (a)
(00) UTC and (b) 0600 UTC Il June 1985. The cross seclionsare
taken alonB lines given in filS. 3g.i.
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• TABLE 2. Eaperimcntal <!<sign•

Ellperiment Implicit scheme Eaplicil schemc Initial conditions

CONTROL Fril5Ch-Qlappcll Explicit moisture scheme Enhanc:cd analysis
MCA MoiSl convective adjustment Explicil moisture scheme Enhanc:cd ana1ysis
KUO Ku. Explicit moisture scheme Enhanc:cd analysis
SES Fril5Ch-Qlappcll Simple supersatumtion removal Enhanc:cd analysis
CMC Fril5Ch-Qlappcll Explicit moislure schemc CMC analysis

1

moisture convergence exceeds a critical value and the
sounding becomes conditionally unstable. Then a
fraction (b) oftotal moisture convergence is stored and
acts to increase the humidity of the column while the
remaining fraction (1 - b) is condensed and precipi·
tated. Since the Kuo type of convective scheme has
been widely used for mesa-a·scale or larger·scaIe sim·
ulations of extratropicaI cyclones, polar lows and
MCSs. and aIso for a number of operational models
(e.g., in the Nested-Grid Model at NMC and in the
current SO-km version of the operational RFE model
at CMC). the purpose of this experiment is to deter·
mine ifit is capable ofreproducing the observed mesa­
Jl·scale structures as weil as quantitative precipitation
associated with the 10-11 June 19S5 squaIlline.

Unlike that with the MCA scheme. the model with
the Kuo and explicit moisture schemes is able to initiale
thesquallline at nearly the right time and location (sec
Fig. Il). When a grid sizc of SO km is used. however,
the squall line is not initiated until 0000 UTC (not
shown). This 3-h delay is a typicaI spinup problem
associated with coarse-resolution models. Thus, the
right timing and location in the current run indicate
that the 2S·km grid size is appropriate for examining
the elfects of various model physical processes on the
subsequent evolution of the squall system.

While the RFE model with the Kuo scheme predicts
reasonably the incipient slage of the squall system. it
cannot cause the system to propagate as fast as the
observed and the control run. By 0600 UTC. the sim·
ulated squall line lags at least 1SO km behind. This

slowness is again altributable to the lack ofcold down·
drafts in the Kuo scheme, since downdrafts are im­
porlant dynamics in the movement ofsqualllines. Of
funher significance is that grid·scale precipitation is
aImast absent throughout the IS·h integration. Ob­
viously, there are two possible relISOns for this problem:
(i) the convectively induced venical circulation may
he too weak to bring enough moisture upward for trig­
seringgrid·box saturation. or (ii) the Kuo scheme may
remove too much moisture in a venicaI column (i.e.•
a small "b" parameter), especiaIly in the lower layers.
The first possibility is notlikely the caseafter comparing
Fiss. 3 and Il, for the Kuo scheme run produces grenter
convective precipitation rates along the leading line
during the formative slage than that with the FC
scheme. The maximum rainfaIl rates, senerated to the
nonh ofthe leading line, are ofthe orderof30 mm h-',
which is equivaIent to an average ',eating rate of
7.S·C h-, throughouta verticaI colu.nn. A comparison
orthe venicaI 8, profiles ahead ofand behind the con·
vective line indicates that the second possibility is most
likely the case. SpecificaIly, Fig. 10 shows thatthe Kuo
scheme reduces subslantiaIly the magnitude of 8, in
the lower troposphere after the passage ofthe line, with
Iitlle chanse occurring higher up. This reduction is
mainly caused by a decrease in moislure content, since
the Kuo scheme dues not contain the caoling elfect
associated with moisi downdrafts (aIso sec Fig. 12).
On average, the "b" parameter is of the order of S'lb­
1S'lb. The grentest reduction of8, occurs in the lowest
layer where ample moisture is stored. This sussests that

• Fla. 8. As in F'.... Ja-i bul roreaperimcnl MCA (moist convective acljustmcnll.
The Icllm "C" and "D· cIenole Ille locations of'. profila Ihown in Fi.. 10.

36



BtLAIR ET AL.

•

•

JUNE 1994

FIG. 9. As in Fig. 3fbul for experiment MCA (moisI convective
adjuslment). Note lhat the isobars are drawn every 2 mb.

the convective drying could be excessive in the bound·
ary layer. 50 thegrid.box saturation and grid·scale latent
heat release are significantly delayed (Zhang et al.
1988). In the present case. this delay is further aggra·
vated due to the absence ofstron8larger·scale forcing.
By compari5On. the FC scheme produces a marginally
stable 8, profile within a deep layer. although it has
a150 removed a similar amount of8, in the lowest layer.
However. the removed amount of8,by the FC scheme
results from a combination of cooling and dryin8 as­
sociated with moist downdrafts.

Because ofthe lack ofdowndral\ cooling in the Kuo
scheme and because ofthe negligible elfect ofgrid.scale
latent hent release in the present run. the model fails
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AG. Il. As in Fip. Ja-i but for cxperiment KUO. The lcuers "E"
and "F" denote the lOCAtions of8~ profiles shown in Fil. 10.

to produce significant surface pressure perturbations.
such as mesohighs. wake lows. and cold outOow
boundaries (Fig. 12). The elongated pressure trough
ahead ofthe convectivc line isjust a part ofthe surface
frontal system: it can be traced back to the low pressure
zone atthe model initialtime (sec Fig. 2b). Similarly.
without the downdral\ cooling, the model is unable to
reproduce the basic internai circulations of the squall
system. as shown in Fig. 13b. Apparently. the rear in­
Dow stays elevated as a consequence oflillie ~'OndenSllte

available for evaporation. A well-organiz~'(\ FTR as­
cending Dow does not develop. because the Kuo scheme
fails to induce strong mass perturbations in the mid·
troposphere and upper troposphere. ascan also be scen
from Fig. 10. The less significant role of the grid·scale
latent hent release is al50 part ofthe reason. The results
suggest that the Kuo scheme may be only suitable for
predicting the timing and location of convective ini·
tiation. or the incipient organization ofMCSs. but not
appropriate for predicting the associated precipitalion
systems at the mature stage. In contrast. in the control
run. the FC scheme tends to efficiently stabilize polen·
tially unstable columns along the leading line and lcave
behind nenrly saturated conditions. and then the ex·
plicit scheme takes over to generate latent heating in
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tively narrower. This phase lag appears to Ile deter·
mined by the squall's internai circulations. Obviously.
the development oftrailing grld·scale precipitation re­
quires the presence ofan FTR ascending f10w that can
generate and transport a sufficient amaunt ofsaturated
air mass rearward (Zhang and Cho 1992). Momentum
budgets by Gao et al. ( 1990) indicate that this type of
FTR f10w develops as a result ofconvectively generated
mesohigh pressures alofi along the leading line, which
are in turn determined by the convective heating and
moistening. This process aise helps explain why the
Kuo scheme fails to induce the FTR f1ow, since it pro­
duces lillie changes of 8, in the upper levels (cf. Figs.
lOa.c).

While use of the supersaturation removal scheme
only minimally affects the distribution and amount of
surface precipitation. it has important dynamic impacts
on the organization of the squallline's internai circu·
lation. In particular, the lack of sublimative melting
and evaporative cooling as weil as condensate advec·
tion, owing to the instantaneous removal of conden·

"Q'~~~
200. ~:~

! 270. ~=~

~ ::::
! 800.
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FIG. 12. As in Fig. 3r but for c",perimenl KUO.
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the FTR ascending f10w and diabatic cooling in the
RTF descending f1ow, thereby leading to the devel·
opment ofa well-organized slantwise circulation in the
stratifonn region. Such a slantwise circulation is in·
strumental in the production of stratifonn precipita·
tion, based on the analysis of moist potential varticity
by Zhang and Cho (1992).

,', SimplL' ,·xplidl.~c1lL'mL' (SES)

Afier examining the model's sensitivity to different
convective parameterization schemes, it is natural to
evaluate the effect ofthe explicit moisture scheme, since
Zhang et al. ( 1988) and Molinari and Dudek ( 1992)
have emphasized the importance of coupling the pa. 100. ~ii~~;;:~~:;~~~~~~§~
rameterized with explicit convective processes in sim· .... 1
ulating the internai structure and evolution of MCSs. 150. ~~~~~?!S~~~::~~~3For this purpose, the prognostic explicit moisture 200. •• • • . • '. '. '. · 350

scheme in the control run is replaced by the simple ~ 2,.. • ~.~-:.....::. ~ ~ ~ ~ ~ :
grid·box supersaturation removal scheme dcscribed in É t-:--:--:----:...:J. , . . . . . . . . -34

Mailhot et al. (1989), while subgrid·sœle convective 1.,.. -----... .... :::::::
processes are still represented with the FC scheme. ....: : i.: . : : : : : . (~'t. :r;3~

Il is apparent from Figs. 14 and 1S that use of the ,.0 330 .. " . . . . .
simple supersaturation removal scheme produces much . . . ~3'40 . . .
less significant changes on the simulation of surface 100. ..' •• : • H .. : . . .
features. as compared to those with different convective 000.

parameterization schemes. For example, the orienta· '00. "C~~~~~~'f:i~o;~~~~~-~~-~~~-~-~
tion and propagation ofthe leading convection, as weil 200. 1'"1:'-;--,.'~:_:_'...",' ,.=-=--=-_:...,,: : : : : : : :..;.'"~"'~_-_-----.,-3
as convective rainfall, are only s1ightly affected (cf. Figs. ~ 270 •• ••• - •• "~_'" .......

3. 14. and IS), since they are mainly determined by oS .,.. __ • '. '. '. :3'0::: 'r~:!4?!
parameterized moist downdrans. More notable differ- 1.... ,.. :3~3~: : ' . : ; ~q/. : ::~
ences appearto the rear ofthe system. Specifically, the , • /; . , , " ........~....
mesohighs and wake lowsare significantly weaker and .00.' : : : • : • : : I: '~ . , .. ~~O. I

the cxtent of conveetively generated pressure distur· 700.. c:;;;;;;; ~"f
ronces is much smaller than those in the control run. ....
Bccause condensate is not allowed to move around, ,too .... , 10Pal, L
localized grld·scale precipitation develops over some 10 ml,

regions, Il is interesting that the model still produces FIG, 13, Veniaalcroa_i.nsorequivalcnl pol.nli.lIcmpmtIU..
bl • 'b' f' l ,.. (8.....ry S KI superposed WÎlb ..laliv. now VeelOI1 normal 10 lb.

reasona y the dlstn utlon 0 gnd·sca e precIpitatiOn squalilin. rrom lS.b inl.....li.n ror (.) conlrol run (..., Fia. 3b ror
that lags Ilehind the parameterized convective precip- the Iocalion). (bl KUO(..., Fia. IIbl••nd (e) SES (..., Fia. 14b).
itation, although the trailing straliform region is rela· The H·s.nd L's..rer 10 lhe IhermoJ maxima.nd minima.•
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•
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(a) 0000 UTC

B~LAIR ET AL.

(b) 0300 UTC

FIG. 14. As in Fip. Jg-i bUl ror expcrimcnl SES.

(c) 0800 U'I'C
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sate. causes the RTF flow to stav elevated. The absence
orstrong descending rear inflo", then leads to the gen­
eration orweak wake lows and a Icss evident arc-shaped
structure or the leading line (cr. Figs. 3 and 14). Fur·
thermore. a slantwise FTR ascending flow. present in
the control run. never develops in the SES simulation
(Weisman 1992). In the present case. horizontal vor·
ticity associated with the FTR inflow appears to he
balanced by that or the RTF inflow such thatthe up­
drafts along the leading line remain erect during most
orthe system's lire cycle (cr. Figs. 13a.c). Overall.the
squall line's circulation is much weaker than that in
the control run. Since the vertical thermal structures
along the leading line are nearly identical hetwccn the
control run and experiment SES. the absence or the
sloping flow Iimits the rearward transport or high·O•.
air l'rom the boundary layer. which is crucial in the
generation or trailing stratirorm precipitation.

d. NOl!nhancl!d allal.l'sis (CMC)

Due to the low resolution or the CMC analysis
scheme used in 1985 (i.e.. -300 km). the initial con·

FIG. 15. As in fig. 3fbul for e.""rimenl SES.
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ditions tend to miss certain important mesoscale de·
tails. particularly those that may he marginally rcsolwd.
For the present case. the CMC analysis produces a
much weaker short·wave trough in the midtropospherc
(Fig. 16a). a stronger northerly flow hehind the surrace
rront. and a slightly drier southerly flow over the PRE·
STORM network. as comparcd to the enhanced anal·
ysis used l'or the control run. In addition. the 10C'4tion
and orientaiion or the surface rront as weil as the ro·
tational flow structure differ subslantially l'rom those
in the high.resolution surface observations (cl: Figs. 2h
and 16b). Thus. the purpose orthis experiment is to
examine the sënsitivity or the prcdicll.'d squall system
to the use or different initial conditions. In partieular.
we wish to sec how the intensity or the midlevel short
wave and the distribution orthe surface fronlal system
would affect the organization or the squall system.

With the CMC analysis as initial conditions. the
model fllils to reproduce the decaying MCS that oc·
cum:d over the network during the initial few integr4'
tion hours (not shown). although this system has Iillie
impact on the later development of the squallline (sel.'
ZOP). As expected. the squall line conveclion is ini·
tiated a couple or hours later than in the conlrol run:
this is again a typical spinup problem. Consequently.
the organization or the squall line's circulation is de·
layed. Nevertheless. the model simulates weil the ori·
entation and propagation or the squall line and ils as­
sociated convective and grid·scale precipitation after
its initiation (s.:e Figs. 17 and 18), except thal its lo­
cation at 0600 UTC lags 1SO km hehind the observed.
Vertical cross sections (not shown) indicale Ihatthe
model aise reproduces the RTF descending and the
FTR ascending flow. as evidenced by the prcdicted
presquall mesolows, mesohighs. and wake lows in Fig.
18. buttheir intensity is much wcaker than that in the
control run. The resulls indicate that frontogenL'Sis
processes would sooner or later produce organizL'Cl ver·
tical circulations (Holton 1979) that are favorable l'or
the development or MCSs, as long as the initial con·
ditions contain reasonable magnitudes or baroclinicilY.
ln the present C'oISC. cold advection hehind the short·
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t 10 m1.

FIG. 16. As in Fig. 2 bUI rrom Ihe CMC onolysi.
wÎlhoul data enhancement.
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FIG. 11. As in Fig. 3i but for experiment CMC.

organized ahead of the surface front 1Figs. 3d-f). In
this regard, it is essential to have 'oeller-defined me·
soscaJe details. such as baroclinic zones. moist tongues.
and convergence zones in the initial conditions in order
to obtain more realistic prediction ofMCSs and larger·
scale environmenlS. Some recent studies have shown
that model initial conditions can he readily improved
ifa regional data assimilation system can he developed
to include ail available observations (e.g., Miller and
Benjamin 1992; Chouinard et al. 1994).

5. Summary lIIId conclusions

ln this study, an improved version orthe operational
Canadian regional finite-element (RFE) model has
been used with a fine-mesh grid size of 25 km to ex·
amine the feasibility of operational prediction of an
intense squall line that occurred during 10-11 June
1985. The model has been tested with different types

•

wave trough appeats to play an important role in as­
sisting the initial spinup of vertical circulations.

Perhaps one ofthe most pronounced problems with
this forecast is the appearance ofa strong low pressure
center over southeastem Nebraska. This feature can
he traced back to the low pressure lit the Colorado­
Wyoming-Nebraska border atthe initialtime (cf. figs.
2b and 16b). As can he visualized from Fig. 16. the
strong cyclonic tlow in combination with the pressure
pallem has a slrong resemblance to a typical extra·
tropical cyclone with the squall line as the cold front
part. The squallline forms along the north-south-ori.
ented surface fronl and moves cast with the "cyclone"
system. In contrast. with the enhanced initial condi.
tions. the low pressure center at the Colorado-Wyo­
ming border is just a part of the frontal system and is
pushed southeast by the cold air hehind iL Thus. the
low pressure in the control run evolves into an elon·
pted presquall mesolow once the squailline beI:omes

40

Fla. 18. As in 'li- 3rbut f....periment CMC.
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of condensation sehemes and initial conditions. The
study demonstrates the potential for the operational
model to improve quantitative precipitation forecasts
and severe weather warnings ifreldistic model physies,
reasonable initial conditions, and high resolution are
used. The most important conclusions ofthis study are
briefly summarized in the following.

• In addition to focusing on smaller horizontal grid
size, which willlikely improve the timing and location
of convective initiation, equal attention must be paid
to improving the explicit moist physics and cumulus
parameterizations used ifone wants to better reproduce
various types ofmeso-lI·scale circulations and their as­
sociated precipitation, particularly for MCSs that de­
velop in weak.gradient environments.

• When the Fritsch-Chappell convective parame­
terization and an explicit moisture seheme are simul·
taneously used, the RFE model reproduces remarkably
weil much of the observed internai structure and evo­
lution of the squall system. such as surface mesohighs
and mesolows, FTR ascending and RTF desœnding
flows, and a cooling-induced midlevel mesovortex,
even though the model is initialized with conventional
observations. The predicted timing, location. propa­
gation, and the precipitation amount and distribution
of th~ squall system also compare favorably with the
special network observations.

• When either the MCA or the Kuo seheme is in·
corporated. the model reproduces weil the line structure
of convective precipitation associated with the squall
system. However. both sehemes are unable to repro­
duce the observed internai f10w structures ofthe system.
as weil as the associated surface pressure and thermal
perturbations at the mature anj decaying stages, owing
partly to the lack of moist downdrans. In addition,
because of their inherent 3SSumptions, the MCA
seheme tends to delay the initiation ofdeep convection.
while the Kuo seheme tends to remove too much
moisture from the boundary layer such that the grid·
seale precipitation is significantly underestimated.
Thus. these two sehemes do not appear to be suitable
for being used to· predict the internai structure and
evolution of MCSs and their associated precipitation
events.

• High·resolution initial conditions obtained from
regional data assimilation systems at operational cen·
ters will have a positive impact on the sucœssful pre·
diction ofthe timing and location ofMCSs. particularly
when the environmental baroclinicity is weak. Poor
resolution of mesoscale gradients. such as surface
fronts, moist tongues, and convergence zones, may sig.
nificantly alter the predicted structure and evolution
of MCSs. In the present case. with a low·resolution
analysis alone. the model produces a "cyclonelike"
mesoscale circulation associated with the squall system.

Il is important to point out that some of the above
conclusions were obtained from a single case study.
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while others have been supported by previous numer­
ica1 studies of summertime MCSs (e.g.• Zhang and
Fritsch 1988; Zhang et al. 1988; Zhang and Gao 1989).
Whether or not they are valid for a wide range of ciro
cumstances needs to be tested with additional numer·
ica1 studies of other MCSs. It should also be kept in
mind that ail the model results presented in this study
were produced using a horizontal resolution of25 km,
which is higher than the one typically used in current
operational models. Whether or not the preceding
conclusions hold with a horizontal resolution of 40­
50 km still needs to be veritied. The research along this
line is currently under way at the Montreal mesoscale
community with a view to help improve operational
forecasts of MCSs and their associated quantitative
precipitation.
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• Chapter 4

The 14 July 1987 intense convective system. Part 1: Gravity waves and

the squall Une

4.1 Presentation 01 article 2

Following the results given in the preceding chapter. the model is now used a.~ a 1001

to help understand the dynamical and physical processes leading 10 particular mesoscale

structures within two intense squall line systems. The first of these two squall Iines is

examined in the next two chapters. This convective system occurred during July 1987

and was responsible for severe weather and intense precipitation over Montreal (see

Bellon et al. 1993; Tremblay 1994).

ln this chapter. the model prediction of the squall line is first carefully verified

against all available observations (i.e.• radar and satellite images. surface analyses. etc.).

• It is hypothesized that the propagation and intensification of the squaliline are associated

with gravity waves. through wave-CISK mechanisms (Xu and Clark 1984; Raymond

1984). This hypothesis is exarnined through a series of sensitivity experiments in which

we detennine if the model-produced oscillations would have the characteristics of gravity

waves. and then we evaluate the respective roles of the waves and convection in the

intensification of the system. After the relationship between the waves and deep

convection is found. the sensitivity of the predicted waves-convection interactions to

different convective parameterizations is investigated.

4.1 Article 1

Numerical prediction of an intense convective system associated with the July 1987

Montreal flood. Part 1: Gravity waves and the squaliline. By St6phane Bélair. Da-Lin

Zhang. and Jocelyn MailhoL

• Accepted for publication in Atmos.-Ocean. December 1994.
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Abstract

ln Ihis study, a 24-h high-resolution numerical prediction of a prefrontal squallline

associated wilh Ihe 14 July 1987 Montreal flood is employed to investigate Ihe origin and

role of mesoscale gravity waves in Ihe development of Ihe squall system. The 24-h

integration using an improved mesoscale version of Ihe Canadian regional finite-element

model is first validated against available observations, arld Ihen non-observable features

are diagnosed to reveallhe relationship between deep convection and gravity wave events.

It is shown that the model reproduces weil many aspects of Ihe squailline, such as

the propagation and organization of Ihe convective system, as well as its associated

precipitation. Il is found Ihat gravity waves are first excited near Lake Erie. following Ihe

initiation of early convective activity. Then. Ihese waves propagate eastward and

northeastward at speeds of 20 and 3S ms-t, respectively. As Ihe waves propagate

downstream, deep convection radiates rapidly behind Ihe wave trough axis, forming a long

line of squall convection. Because Ihe squall line moves wilh Ihe gravity waves in a

"phase-Iocked" manner, deep convection has a significant influence on Ihe structure and

amplitude of Ihe gravity waves. The sensitivity of Ihe wave-squall prediction to various

parameters in convective parameterization is aIso examined.
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1. Introduction

Numtrous observational studies have shown the importance of gmvity waves in

the initiation and maintenance ofmesoscale convective systems (MCSs) (Uccellini. 1975;

Balachandran, 1980; Miller and Sanders, 1980; Stobie et al., 1983; Bosart and Sanders,

1986; Einaudi et al., 1987; Koch et al.• 1988). Several theories have been proposcd to

explain the generation of mesoscale gmvity waves, which include convectively induccd,

shearing instability and gcostrophic adjustment For example. Wagner (1962), Ferguson

(1967), and Bosart and Cussen (1973) showed the collocation ofconvective activity with

solitary waves having wavclength on the order of 100 km. Lin and Goff (1988)

documented the propagation of a convectively genemted intense solitary wave. They used

a simple analytical model to show that a midlevellatent heat perturbation can produce a

single wave of depression in an inversion layer. In contras!, Uccellini and Koch (1987).

in their review of 13 gravity wave cases, found no strong correlation between gravity

waves and deep convection. They noted. however. the presence of an upper-Ievel jet

streak in each of these cases. Gmvity waves appear to be prefembly iniliated 10 the south

of the exit region of the jet streak. suggesting that shearing instability or geostrophic

adjustment was opemtive.

Once the gravity waves are excited. they travel bath horizontally and vertically in

the stratified atrnosphere. Pecnick and Young (1984) showed that these waves will decay

mpidly if there is no mechanism 10 trap the low-level wave energy. Crook (1988) found

that the decaying time scale is shorter than one oscillation when the low-levcl energy can

not be trapped. Consequently, some type of ducting mechanisms must exist in the

atmosphere to explain the persistenl propagation of gravitYwaves if no other mechanisms

are acting to sustain them. Lindzen and Tung (1976) suggested that a low-level statically

sUlble layer undemeath a conditionally unstable layer including a criticallevel and a large

vertical wind shear would be sufficient conditions for an efficient ducting of low-level

gmvity waves. Uccellini and Koch (1987) noted that most of these conditions were met
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for the 13 cases they examined. thus supponing the ducting concept developed by Lindzen

• and Tung.

On the other hand. gravity waves can help trigger convective activity in an

environment having positive convective available potential energy (CAPE). When the

induced convection is organized into an MCS. the resulting convective forcing could

modify characteristics of gravity waves (i.e.• wavelength. phase speed. and amplitude).

Koch et al. (1988) were able to isolate the effects of convection on the characteristics of

observed gravity waves that remained in phase with convection for a few hours. They

noted that the amplitude of the waves increases but their wavelength and phase speed

decrease in the presence of deep convection. By comparison. Bosart and Sanders (1986)

observed acceleration of a gravity wave associated with convective activity. Thus. one

must be cautious in drawing general conclusions from only one case study.

Of panicular interest are the studies reponing the "phase-Iocking" between gravity

waves and convection (e.g.• Miller and Sanders. 1980; Stobie et al.. 1983; Einaudi et al.•

1987; Zhang and Fritsch. 1988a; Ramamurthy et al.• 1993). This phase-Iocking scenario

suggests the operation of the positive feedback mechanism by which gravity waves

provide the necessary low-Ievel convergence to initiate new convection. whereas latent

heating and cooling amplify the waves. Analytical models developed by Lindzen (1974)

and Raymond (1975. 1976). known as wave-CISK. reproduced cenain characteristics'Of

such a wave-convection coupled system with some success. Based on the same idea.

more realisticwave-CISK models have been developed by Xu and Clark (1984) and

Raymond (1984). Note. however. that even the latest version of wave-CISK could hardly

provide a full understanding of the interacûon ofgravity waves with MCSs.

Up to now. only few real·data studies have used numerical models to invesûgate

gravity waves. Indeed. with the exception of Zhang and Fritsch (1988a). Cram et al.

(1992a). Powers and Reed (1993) and Tremblay (1994). past advances in the

• understanding of different aspects of gravity waves and their interaction with MCSs are
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limited to either observational studies or analytical models. In this paper. we shall

investigate the interaction of an MCS with gravity waves, using a 24-h high n:solution

prediction of a prefrontal squailline that occurred on 14 July 1987 over Quebec and the

northeastem United States with an improved version of the Canadian regional finite­

element (RFE) model. We are motivated to study the development of this squall system

because of i) the importance ofgravity waves interacting with convection in the generation

of heavy rainfall over Montreal and ii) the development of sorne non-classical cin:ulations

in the trailing stratiform region of the MCS. The latter will be described in Part Il of this

series of papers (Délair et al., 1995a). The objectives of the present study are to a)

investigate the mesoscale predictability of the internal structure, precipitation and life cycle

of the squall system, as verified against available observations; b) examine the mies of the

gravitYwaves in the development of the squailline; and c) determine the sensitivity of the

gravity waves-convection structures to different parameterizations ofconvective processes.

As part of the understanding, we will also examine, through a series of numerical

sensitivity experimenL~, the mies of different model physical processes in the generation of

various mesoscale components of the squall system.

It should be mentioned that Tremblay (1994) has also studied the generation of

gravity waves associated with the 14 July 1987 Montreal flood episodes. However,

Tremblay's study focused more on the ability of a fully compressible model in simulating

the development of the MeS. Furthermore. the model he used does not include diurnal

variations andboundary-Iayer processes. and it contains the Manabe convective scheme

coupled with a simple precipitation physics package. With the impmved version of the

RFE model. we felt that a more realistic simulation of the gravity waves and their mies in

generating the heavy rainfall can be obtained.

The presentation of this study is organized as follows. The next section describes

briefly the RFE model. Section 3 provides verification of the model prediction of the

convective events against available observations. Section 4 shows evidence of gravitY
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waves a10ng with their structures. Section 5 discusses the interaction of the squall line

with the gmvity waves. Concluding remarks are given in the rmal section.

2. Model description

The numerical model used for the present study is a state-of-the-art mesoscale

research version of the RFE model, which is currently opemtional for shon-range forecast

at the Canadian Meteorological Center (CMC). The main features of the model are

summarized in Table 1. Since the model configumtion is similar to that used in Bélair et

al. (1994), only a brief discussion of model features particular to this study is given here.

ln this study, the central domain of the variable-resolution grid includes Quebec

and the Northeastern United States and has a uniform grid size of 25 km (Fig. 4.1). In the

RFE model, the hydrostatic primitive equations are integrated using a semi-implicit

technique for the temporal discretization. Il should be mentioned that the use of this

technique may degmde the prediction of gmvity waves by slowing their phase speeds

(HalUner and Williams, 1980). However, it can be easily shown that for waves with

characteristics similar to those studied here (i.e., wavelengths of 200 km and phase speeds

of 20 ms-l), the errar:" ~!:Jse speed resulting from the semi-implicit technique is less than

3 %. Also, since the horizontal scale of the waves is much greater than the vertical scale,

the hydrostatic approximation is appropriate for their numerical study. Another aspect of

the RFE model that may affect the generaUon of gravity waves is the use of the upper

boundary-condition, i.e., â = do/dt = 0, where (1 is the pressure normalized by surface

pressure. This type of upper boundary condition may produce spurious wave reflection at

the top. To alleviate such problems, the waves are artificially damped near the model top

by substantially increr.sing the vertical diffusion coefficient for the three highest model

levels, which sem. as a sponge layer.

The comprehensive set of parameterization schemes contained in the RFE model is

described in detail by Benoit et al. (1989) and Mailhot et al. (1989). Sorne additions and
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improvements have been incorporated into the model in order to beuer address the

prediction of summenime MCSs and severe weather events (Bélair et al.. 1994). In

particular. the Fritsch and Chappell (1980; hereafter referred lO as Fe) convective scheme.

a1so described in Zhang and Fritsch (1986), has been implemented and coupied with a

grid-scale condensation scheme described by Hsie et al. (1984). Zhang (1989) and Dudhia

(1989).

The model is initialized at 0000 UTC 14 July 1987 (i.e.• in the evening preccding

the Montreal flood) using the CMC's archived hemispheric analysis. The model initial

conditions are obtained using the imrlicit normal·mode initialization procedure described

by Tempenon and Roch (1991), in which all the physical processcs are turned off.

3. Model verlftcatlon

ln this section, we provide an overview of the evolution of the squallline that was

responsible for heavy rainfall events and validate the RFE model prediction against all

available observations (e.g.• surface analyses, rawinsondes. satellite and radar imagery).

The radar imagery at Buffalo (not shown) indicates that this intense convective system was

initiated in the vicinity of a surface cold front over Lakes Ontario and Erie around 0800

OTC 14 July and moved bath northeastward (in the direction of an upper-Ievel jet stream)

and eastward. Besides the heavy precipitation that occurred over Montreal. vigorous

convective activity was observed in the New England states and north ofQuebec City.

The large·scale environment in which the squall line was embedded was

characterized by a pronounèed synoptic-scale trough (L - 4SOO km) and a deep layer of a

baroclinic zone with a temperature gradient of about 12 oC (1000 km)" 1at SOO hPa (Fig.

4.2a). At upper levels, there was a jet streak with a maximum wind speed of SO m s·t

located ahead of the trough axis (Fig. 4.2b). As the large-scale pressure system advanced

eastward, it caused a pressure drop of about 6 hPa during the next 12 h over the Montreal·

Ottawa area.
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Numerics

Physics

• 3-D hydrostatic primitive equations;

• semi-implicit time discretization;

• semi-Lagrangian scheme for 3D advection (lime step: 300s);

·linear finite-elements in (x,y,a);

• variable horizontal resolution grid overlaid on a polar

stereographie projection (25 km in fme mesh grid);

• 23 a levels with high resolution in the lowest 150 hPa;

• second order horizontal diffusion for temperature, vorticity, and

divergence;

• 0.50 orography field.

• Planetary boundary layer (PBL) based on turbulent kinetic energy;

• diagnostic PBL height;

• implicit vertical diffusion;

• surface energy budget based on force-restore method;

• diurnal cycle with solar and infrared fluxes at the ground

modulated by clouds;

• infrared and salar radiation fluxes calculated at alilevels;

• diagnostic cloud cover;

• Fritseh-ChappeU scheme for parameterized moist convection;

• explicit moisture scheme containing prognostic equations for

cloud water/ice and rainwalerlsnow.
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Fig.4.1 Portion of the 165 x 185 hemispheric variable grid mesh projected on a polar
stereographic plane. The heavy rectangle indlcates the central window with a
uniform grid size of 25 km. Horizontal and verticallines are drawn every 5 model
grid points. Propagation tracks A and B as weU as al1 the stations referrcd to in the
text are Indlcated.

SI



•

•

•

Fig. 4.2 The model initial conditions (i.e., 0000 UTC 14 July 1987): a) geopotential
height (solid, every 6 dam) and temperature (dashed, every 4 OC) superposed with
horizontal winds (a full barb is Sm s-l) at SOO hPa. The position of the surface
front is indicated. b) geopotential height (solid, every 6 dam) and wind speeds
(dashed, every S m s·l) at 300 hPa. Shadings denote the area of the predicted
convection vaUd at 1200 UTC 14 July•
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Although the prestorm environment ahead of the surface front is potentially

unstable, the model does not trigger any convection until early moming (i.e.. 1000 UTC),

roughly 2 hours later than the observed. This delay appears to he attributable to the initial

spin-up problem of the model, namely, like other numerical models. it is unable to

generate sufficient low-Ievel forcing comparable to the observed in order to overcome the

convective inhibition created by the nighttime boundary layer. The model convection is

triggered along the surface cold front as it enters Pennsylvania and New York.

Furthermore, the squailline develops in the entrance region of the upper-Ievel jet strcak.

where the upward branch of the secondary circulation provides a favorable forcing for the

development of intense storms (Uccellini and Johnson, 1979).

Figure 4.3 compares the predicted surface fields to the observed. At 1200 UTC 14

July. i.e., 12 h into the integration. the position of the predicted surface front corresponds

very wellto the analyzed (cf. Figs. 4.3a and c). Both the prediction and observations

show a surface low over southem Quebec which partitions the surface front into an

inactive (i.e., with no convective activity) portion to the north and an active portion to the

south. It is of particular interest that as the boundary layer is heated up during the moming

hours, deep convection expands rapidly nonheastward along the leading !ine while

propagating slowly eastward ahead of the baroc!inic zone (Fig. 4.3d). Radar imagery at

Binghamton shows intense reflectivities during this period. indicating that most of the

precipitation is convective. In fact, both the prediction and observations display

convectively unstable conditions ahead of the surface front al 1200 UTC (e.g., CAPE ­

2000 J kg- l at Albany).

The magnitude and structure of the predicted low-Ievel equivalent potential

temperature (Be) and column-integrated precipitable water also compare favorably ta those

observed at 1200 UTC (Fig. 4.4). There is a high.Be tongue along and ahead of the

upper·level trough axis, which extends from the southeastern states to Labrador.

• Accompanying the high-Be tongue is a south to southwesteriy flow with a low·level
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soulherly jel al 900 hPa (nol shown). Such a juxtaposition clearly provides sorne clue as

• 10 why the squall Une rends 10 expand rapidly northeastward once it is initiared. High

precipitable waler conrents (> 5 cm) are also distributed along the high-8e tongue.

Evidcntly, this distribution is favorable for the development of the lhree inrense convective

cells that were responsible for the later occurrence of f100ding rainfall over the Montreal

region (Tremblay 1994).

ACter Ihe predicted squall system becomes weil organized, the parameterized

downdrafts in the FC scheme produce strong cooUng in the lowest layers, thus forming a

guSI front along the leading edge of the squall Une (see double dot-dashed Unes in Fig.

4.3d). The position of the gust front. although it is predicted too far to the north.

corresponds reasonably weil 10 the observed (cf. "Figs. 4.3b and dl. The cold downdrafts

a1so cause a mesoridge behind the gust fronl Thus, the squall sysrem produces significant

pressure perturbations superposed on the larger-scale surface trough. By 0000 UTC 15

July. the convective Une has passed Montreal and dropped a significant amount of

precipitation in the vicinity of the cily.

Figure 4.5 compares the predicted convective precipitation and upper-levelUquid

water conlent 10 the infrared satellite imagery during the heavy rainfall episode over the

Montreal region. The basic orientation and shape of the leading convective Une followed

by extensive stratiform clouds 10 the north are reasonably reproduced. Although the RFE

model prediclS extensive stratiform clouds at the upper levels, a large fraction of the grid­

scale precipitation tvaporates before reaching the ground. Of course, due to ilS relatively

coarse resolution, it is not possible for the RFE model to predict the small-scale cellular

convection along the squall Hne, and in particular the three intense convective cells

responsible for the Montreal flood. Nevertheless, Ihe distrillution and amount of the 24-h

accumulated total rainfall is reasonably well reproduced (Fig. 4.6). The model prediclS

three heavy rainfall centers, i.e•• near Quebec City. Montreal and Philadelphia with the

• amounlS similar 10 Ihe observed. except for the rainfaIl maximum near Philadelphia that is
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Fig. 4.3 Mesoanalysis of sea-Ievel pressure (salid, every 2 hPa) and surface temperalure
(dashed, every 2 OC). The left panel shows !he observations at a) 1200 UTC; and
b) 1800 UTC 14 July 1987. The right panel shows !he model predictions from c)
12-h; 'and d) 18-h integrations. Shadings represent regions of convective
precipitation wi!h rainfa11 rates of l, 2 and S mm h- l . Double dot-dashed Unes
denote surface cold outflow associated wi!h !he squa1lline. The letters, 'L', 'c'
and 'W', indicate !he centers oflow pressure, cold and wann air, respectively.
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Fig. 4.4 Observed and predicted equivalent potr .lial temperature (solid. every 5 K) in the
lowest model layer, superposed with ltl': column-integrated precip!mble water
content (shaded with contours of 4. 4.5. and 5 cm) valid at 1200 UTC 14 Iuly
1987..
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Fig. 4.5 a) The GOES infrared satellite imagery at 2100 UTC 14 July. b) The predicted

convective rainfal1 rate (solid Unes with contours of l, 2, 5 mm h- I) and SOO-hPa
totalliquid water <shaded with contours of 0.01, 0.1 g kg-1) from 21-h Integration,
valid at 2100 UTC 14 July.
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Fig. 4.6 Observed and predicted total accumulated rainfall amount (mm) between 0000
UTe 14 July and 0000 UTe IS July 1987.
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predicted too far to the west. Agnin, most of the precipitation at these centers is convective

and is associated with the prefrontal squall \ine. This is consistent with observations, in

which large amounts of precipitation at these locations fell in only few hours during the

passage of the leading \ine. In this respect, the improved version of the RFE model seems

to produce more realistic precipitation distributions than those in the then operational

forecast and in Tremblay (1994), in which the bulk (lf precipitation is produced along the

frontal zone behind the sq'Jall\ine (see his Figs. 7 and 8).

It is apparent from the results presented above that the RFE model predicts

reasonably well the development and evolution of the squall\ine, as verified against the

observations. Thus, this model prediction can be used to investigate sorne non-observable

features, particularly the mechanisms important in the organization and evolution of the

squall system.

4. Mesoscale gravity waves

Figure 4.7 shows the vertie: l ("ross section of the across-\ine circulation and

temperature deviations from 18·h integration. There are two different types of vertical

circulations associated with the squall system: one is the deep and upright motion along

the leading convective \ine, and the other is the shallow and slantwise flow along the

trailing stratiform region, denoted by 'c' and 'R'. respectlvely. These two bands are

produced, respectively, by the FC convective scheme and grid-scale condensation. As

will be shown ,below. the convective \ine pnpagates in a gravity wave fashion at a specd

much faster than the stratiform rninband.

Before discussing the role of gravity waves in the development of the prefrontal

squailline. it is necessary to examine whether or not the model-produced signais agree

with conceptual models of gravity waves, such as the sort given in Eom (1975). One

important aspect of gravity-wave propagation is that surface pressure and wind

perturbations are in phase i.e.• with large positive correlations between them, but they are
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Fig. 4.7 Vertical cross section of Jemperature deviations (every 1 K) superposed with

across-Iine circulation vectors, taken along line 0 in Fig. 4.3d. from 18·h
inJegration. The letJers, 'L'and 'H', indicaJe cold and warm cenJers, respectively;
whereas 'c' and 'R' show the position of the convective and trailing stratifonn
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Fig. 4.8 PredicJed time series of surface pressures (soUd, hPa) and the horizontal wind

component in the direction of wave propagation (dashed. ms-l) from the control
run. The surface winds and pressures from Exp. DRY have been deducJed.
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Fig. 4.9 Predicted surface pressure tendencies (soUd/positives, dashed/negatives) at
intervals of 0.25 hPa (2 h)"1 between a) 12· and 14-h; b} 14- and 16·h; and c) 16·
and 18·h integrations. Surface pressures from Exp. DRY have been deducted.
Thick soUd (dashed) Unes indicate the axis of the tendency troughs (ridges).
Shadings indicate regions with convective rainfall rates greater than 2 mm h·1from
a} 14-h; b} 16-h; and c) 18·h integrations.
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90° out of phase with vertical motion. Thus, as with other studies (e.g., Bosart and

• Cussen, 1973; Bosart and Sanders, 1986; Koch and Golus, 1988), the correlation

between the surface pressure and wind perturbations at Montreal is caJculated and given in

Fig. 4.8. In this ligure, the large-scale influence on both the pressure and wind traces has

been removed by subtracting their counterparts from a DRY run. in which a11 diabatic

heating from implicit and explicit clouds is tumed off. It can be noted that the model·

produced oscillations of pressures and winds have amplitudes of 0.5 hPa and 2 m s·t,

respectively. Furthermore, the two signaIs are in phase, with a correlation coefficient of

+0.76, which is comparable to that obtained by Koch and Golus (1988) in their

obscrvational study of gravity waves. Such a high correlation also can he found for ail '''.e

stations given in Fig. 4. J.

To gain insight into the propagation of the gravity waves. Fig. 4.9 shows the

distribution of the model·generated two-hourly surface pressure tendencies; again, the

pressure variations from the DRY run have been subtracted. The propagation of the

organized pressure tendency trough at the leading edge, fo11owed by couplets of tendency

ridges and troughs. is apparent. Surface pressure falls of around 1 hPa every two hours

can be seen hetween 12 and 18 hours, with the amplitudes increasing as the waves

propagate away from the initiaI convective region. It is evident that thesc waves propagate

outward along two tracks: one toward the east and the other toward the northeast. The

northeastwardly propagating wave is much faster than its eastward counterpart; their

average speeds are 35 and 20 m s·I, respectively. These propagation characleristics are

similar 10 those in Tremblay (1994) (see his Fig. 10), except for the eastward phase speed

which is much faster in his simulation.

Even though the above results are consistent with the conceptuaI model of gravity

waves, one may argue that Ihe pressure perturbations shown in Figs. 4.8 and 4.9 could he

caused simply by the convective system. For example, it is we11 known that pressure falls

• often occur ahead of a squa11line due to compensating subsidence (see Hoxit et al.• 1976;

62



•

•

•

Johnson and Hamilton, 1988), whereas pressure rises are found along the convective line

du'; to evaporative cooling, producing perturbations simUar to those in Figs. 4.8 and 4.9.

However, this argument could not explain the multiple pressure oscillations bchind the

leading convective line. e.g., at 18-h, since convection does not occur over this area (due

to the absence ofCAPE). Defore demonstrating !hat these perturbations cao be attributed to

the propagation of gmvity waves, we need to determine the source of the waves.

Geostrophic adjustment, shearing instability and deep convection are the three

major mechanisms used in the previous studies to explain the generation of mesoscale

gmvity waves. According to geostrOphic adjustment theory, for a disturbance smaller than

the Rossby mdius of deformation, the mass field tends to adjust to the wind field, thereby

generating gmvity-inertia waves propagating away from the disturbance. Van Tuyl and

Young (1982) found that gravity-inertia waves are initiated in regions of strong divergence

and large Rossby number near the jet-stream cores. Such conditions are typically found at

the exit of a propagating jet streak approaching a downstream ridge. This finding has bœn

confirmed by Uccellini and Koch (1987) in a review of 13 gravity-waves studies.

However. in the present case, gmvity waves are initiated iil the entrance mther than the exit

region of an upper-Ievel jet streak.

On the other hand, the presence of the upper-Ievel jet suggests that the gravity

waves may owe their existence to shearing instability that extracts energy from the vertical

wind shear in the presence of a critical level (Gossard and Hooke. 1975). From Iinear

stability analysis, a critical level and a small Richardson number are the necessary

conditions for the initiation of gravity waves (Lalas and Einaudi, 1976; Stobie et al.•

1983). In their analysis, Uccellini and Koch (1987) speculated that shearing instability

may have also played an important role in a majority of the gravity wave cases they

reviewed. More recently, Koch and Dorian (1988) and Bosart and Seimon (1988) also

suggested that this mechanism was responsible for the genemtion of the gravity waves in

the cases they studied.

63



•

•

•

ln order lO examine if the above two meehanisms are operative in the present case.

the results from Exp. DRY are analyzed. If geostrophie adjustment and/or shearing

instability are operative. the model should produee gravity waves in the absence of

convection. As compared to the control prediction. the barographs from this experiment

display Iittle sign ofsignificant oscillations (not shown). Therefore. we may conclude that

the predicted mesoscale oscillations are not due to either geostrophic adjustrnent or

shearing instability. Furthennore. the results rule out the possibility that any imbalances

between the wind and mass fields at the model initial time would be responsible for the

generation of the gravity waves shown above.

Thus. deep convection may aecount for the generation of gravity. waves in the

present case. To support this argument, an additional experiment is conducted. in which

the first 12·h integration is identical to the control run. but the tendencies of subsequent

diabatie heating due to parameterized convection and grid-scale clouds are forced to

diminish to zero between the 12- and 14-h integrations (Exp. NeON). The 2·h period is

used here to avoid possible "shocks" induced by too abrupt changes in the convective

forcing. As expected. a pulse is generated near Lake Erie by the parameterized convection.

and propagates away from this source point. The pressure traces at different stations a10ng

two different tracks are given in Fig. 4.10. which shows that the gravity waves are

initialed by convection near Buffalo (BUF) and then they "radiate" away from the source

region. Obviously. these waves propagate over a long distance in the same manner as in

the control nin. including the phase speed and wave period. However. the wave

amplitude decreases rapidly downstream. Such a decrease in wave amplitude is typical of

Cree waves propagating in three dimensions.

To verify further that these signais are indeed gravity waves. a vertical cross

section of divergence. vertical motion. and potential temperature along the northeastward

track is shown in Fig. 4.11. A wavelike oscillation is evident from the 8=305 K surface.

with a negative (positive) surface pressure perturbation below the trough (ridge). where

64



•

•

•

the low-level air is warmer (colder). Such wave structures are not detectable from the

9=330 K surface, indicating that the wave activity is constrained to the low levels. The

wave signal is characterized by convergence above divergence ahead of the axis of the

surface pressure tendency trough, followed by an opposite circulation and

convergence/divergence pattern OOhind this axis. Downward and upward motions are

found, respectively, ahead and OOhind the leading wave trough. This relationship OOtween

the fiow structure and surface pressure perturbations agrees well with the conceptual

model of gravity waves by Eom (1975). Furthermore, these perturbations are not due to

the propagation ofconvectiqn, since it has OOen terminated a few hours earlier. Therefore,

the results suggestthat a) the convective forcing is responsible for the generation and later

enhancement of gravity waves, and b) the waves can propagate over a long distance

without further convective enhancement

Although their amplitudes decrease along both tracks A and B (see Fig. 4.10), the

gravity waves in the present case can propagate over a relatively long distance; thus, the

environmental conditions must 00, atleastto a cenain degree, favomble for their horizontal

propagation. As reviewed in section l, a wave duct must 00 present in order for gravity

waves to propagate for several hours without OOing dissipated through vertical energy

dispersion. It is evident from Fig. 4.12a that the wave environment, averaged along tacks

A and B, is characterized by a low-Ievel statically stable layer (i.e., \\'Jth larger N)

underneath a less stable layer, indicating that the fust condition for wave duct is met

(Lindzen and Tung, 1976). However. the stable layer is shallow (i.e., 100 hPa), and it

weakens mpidly when a well-mixed boundary layer develops (after about 16 h into the

integration). Moreover, it is evident that the waves move faster than the environmental

winds at ail levels (see Fig. 4.12b). namely. a critical level does not exist for both

propagation tracks. This absence of a criticallevel confirms the above conclusion that

shearing instabiüty mechanisms could not be responsible for the genemtion of the waves in

the present case. This situation is similar to the cases studied by Uccellini (1975) and
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Fig. 4.10 Predicted barographs of surface pressures (hPa) from Exp. NeON (no
convection after 14 h). Surface pressures from Exp. DRY have been deducted.
Thin solid (dashed) Iines indicate the position of the leading wave ridges (troughs).
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Einaudi et al. (1987), in which the waves propagate over a long distance without critical

levels. Thus, the wave environment exhibits a wave duct condition that. though not

perfec!, helps sustain the waves for a certain distance by preventing their total dissipation.

S. Wave-convect;on interaction

Numerous studies have shown that gravity waves and convection can interact

constructively when they propagate together in a "phase locked" manner (Stobie et al.,

1983; Koch et al., 1988; Zhang and Fritsch, 1988a; Cram et al.• 1992a; Powers and Reed.

1993). Such an interactive process is the basis of the wave-CISK model. Since their early

development (Raymond, 1975; 1976), wave-CISK models have been afflicted with a

number of problems. The MOSt important one was associated with the scale selection.

Almost all of the earlier wave·CISK models predict that the gravity wave becomes more

unstable as the wavenumber increases. This problem has been attributed to the use of the

"quasi-equilibrium" assumption (Xu and Clark, 1984) in which the convective tifetime is

negligible compared to the time scale goveming changes in the larger-scale environment.

This problem was later alleviated by introducing a lime lag between the larger-scale forcing

and the triggering of convection (Oavies, 1979; Xu and Clark, 1984), However,

comparisons with observations are not ail satisfactory because even the latest versions of

wave-CISK models are still not sufficienUy realistic (see the related discussion in Koch et

al., 1988). Thus, we can only evaluate qualitatively if the wave·CISK mechanism would

be operative in the present case.

One way to determine if the wave-CISK mechanism is operating is to examine the

phase relationship between the convective line and the leading wave oscillation. For lhis

purpose. the pressure tendencies given in Fig. 4.9 are examined again. Note that the

convective line at earlier stages is distributed Midway between the leadilig pressure

tendency trough and ridge (see Fig. 4.9a). At later stages, however. the leading

convective tine is mainly situated along the wave-ridge axis (see Figs. 4.9b,c). This
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evolu:ion and phase relationship are in agreement with observations (e.g., Eom, 1975;

Uccellini, 1975; Miller and Sanders, 1980) and the conceptual model of gravity waves. In

particular, the wave-induced vertical motion structures are 90° out of phase from both the

pressure and horizontal wind perturbations, with the strongest upward motion occurring

between the trough and ridge of the wave. Since convection is triggered in regions where

lifting lasts the longest, it should occur at or ahead of the wave ridge.

This phase-locking between convection arid the gravity waves is also evident from

Fig. 4.13, which shows the surface pressure traces superposed with convective

precipitation rates from a few selected points along traclcs A and B. In general, convective

precipitation commences shortly after the passage of the first wave trough, with most

precipitation occurring over the wave ridge (also see Fig. 4.9). Obviously, the wave­

induced upward motion behind the trough axis assists the initiation of the parameterized

convection. Once the FC convective scheme is activated, the parameterized moist

downdrafts produce a cold pool superposed on the wave ridge. This tends to increase

across-Iine pressure gradients and enhance low-Ievel convergence such that more

convection could develop behind the trough axis. Such a positive feedback process fits

weil the concept of wave-CISK models. Furthermore, these results are in good agreement

with the previous observational studies of wave"convection interaction (e.g., Uccellini,

1975; Miller and Sanders. 1980; Stobie et al., 1983; Koch et al., 1988).

A comparison between the control and NCON runs reveals that deep convection

can modify su6stantially the structure and other properties ofgravity waves. For example,

the continued convective forcing excites a train of oscillations with relatively larger

amplitudes as the system propagates downstream, whereas there is only a single major

gravity wave event in Exp. NCON (cf. Figs. 4.10 and 4.13). Because the convectively

generated cold pool is a stable structure, continued 10w·level convergence could persist for

a long period over the wave ridge. This leads to the widening of the wave ridge as the

waves propagate (sec Fig. 4.13). Moreover, the convergence/divergence couplet along the
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Fig. 4.14 As in Fig. 4.11 but from the control run, with contour intervals of 10 x 10-6 s­
t. The bracket horizontal line at the bottom indicates the position of convective
activity.
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Fig. 4.15 As in Fig. 4.8 but for Exp. KUO. The temporal series of rainfall rates (heavy
solid Iines, mm h- t) are superposed. The units for surface pressure and wind
penurbations are given on the left ordinate. and the unit for the rainfall rates is
shown on the right ordinate.
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Fig. 4.16 As in Fig. 4.9 bUI from al 12-10 14-h; and bl 16- and 18-h integralions of Exp.
KUO.

Fig. 4.17 As in Fig. 4.9c but for Exp. NOPD (no parameterized moist downdraftsl.
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wave ridge is deeper than that in Exp. NCON, and wavelike oscillations of 9surfaces are

found even at higher levels (500 Fig. 4.14). The convectively forced upward motion near

the ridge axis is as strong as 1ms·l. Thus, the results indicate that gravity waves could

locally lose their structure in the presence of intense and organized convection, as also

noted by Koch et al. (1988).

When examined together, the vertical cross sections in Figs. 4.11 and 4.14 are

useful to describe the interaction between the parameterized convection and the gravity

waves in the present case. As shown in Fig. 4.11, the vertical structure of a gravitYwave

is characterized by convergence below and divergence aloft, with the maximum rising

motion occurring midway between the trough and advancing ridge (Eom, 1975; Uccellini,

1975; Cram et al., 1992a). This vertical circulation tends to produce a lower-ge dome

(ridge) and higher·ge dip (trough). When deep convection is included, the intensification

of the waves depends on the location of the convective heating and cooling. In the present

case, the parameterized convection occurs mainly over the wave ridge (see Fig. 4.14), and

it stabilizes the atmospheric column by wanning the upper levels and cooling the low

levels. Since this diabatic heating (cooling) coincides with wave-induced wann (cold)

perturbalions, the gravity wave intensifies as long as the convection could interact

construetively with the wave.

It should be noted that the realistic simulation of the wave·CISK mechanism

depends on the type of convective parameterization. For example, we have performed a

sensitivity experiment, in which everything is kept the sarne as in the control run except

that the FC scheme was replaced by the Kuo (1974; see Mailhot et al., 1989) scheme

(Exp. KUO). This scheme has been used operationally in many meteorological centers,

including CMC. Il is evident from Fig. 4.15 that gravity waves can also be generated with

the Kuo scheme. However, the correlation between the pressure and wind perturbations is

much less than that in the control run (cf. Figs. 4.8 and 4.15). Furthermore, although the

Kuo scheme begins to produce precipitation after the passage of the fust wave-trough
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(i.e.• at 12-h), this rainfall rate is weak and most of the precipitation occurs long after the

passage of the wave (i.e.. after l6-h integration), in conjunction with a slow and

continuous pressure drop associated with the large-scale frontal trough (see Fig. 4.2).

Thus, the bulk of the precipitation produced at Montreal by the Kuo scheme is not forced

by gravity waves, but by large-scale convergence, as a1so occurred in the then operational

forecast as weil as in the simulation ofTremblay (1994).

The phase relationship between the waves and convective precipitation. as

generated by the Kuo scheme, can be further seen from Fig. 4.16. In the early stages

(Fig. 4. 16a). convection only covers a small area and occurs midway between the wave

troughs and ridges. However, the subsequent evolution of the wave-convection system

departs significantly from that in the control run. Specifically, the Kuo scheme produces a

wider convective band with heavier rainfall rates associated with the squallline (cf. Figs.

4.9c and 4. 16b). Of particular significance is that the convective band coincides with the

pressure tendency trough rather than the wave ridge. Moreover, the model produces

surface pressure falls a1most everywhere in the vicinity of the MCS, with fewer pressure

oscillations after the passage of the system. Since the venical motion (based on

precipitation) and horizontal flow from this run are a1most 1800 out of phase with the

pressure variations during the later stages, the generation of these penurbations could not

he explained by wave-eISK models.

Clearly, the above-mentioned differences can be attributed 10 the different ways 10

handle subgrid-scale convection between the FC arld Kuo schemes. In general. the

heating profiles produced by the Fe scheme are maximized at a level much higher than that

produced by the Kuo scheme. Bélair et al. (1994) showed that the Kuo scheme mainly

warms the midtroposphere. as compared to the FC scheme which tends to warm upper

levels and coollower levels (see their Fig. 10). The midlevel warming would enhance the

lower-Ievel mass and moisture convergence. and thus favors the development of a

pressure trough or mesolow at the surface. In addition, the lacle of moist downdrafts in
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the Kuo scheme could explain the failure in producing the multiple trough-ridge pressure

perturbations. since the convectively generated mesohigh (or ridge) is caused the

accumulation ofcold air in the boundary layer.

To evaluale the effects of the paramelerized moist downdrafts on the generation of

gravity waves and to facilitate the comparison between the FC and Kuo schemes. an

additional experiment is conducled in which the downdraft effects in the FC scheme are

tumed off (Exp. NOPD). Very inlerestingly. without the parameterized downdrafts. the

model still produces numerous oscillations a10ng track A. and the wave-squall system a1so

propagates at a speed similar to that in the control run (cf. Figs. 4.9c and 4.17).

Furthermore, convective precipitation occurs behind the pressure trough, as it does in the

control run. However, the removal of the parameterized downdrafts results in much

weaker wave ridges along the squall line. Therefore, the results suggest that the

parameterized moist downdrafts are instrumental in determining the amplitude and

structures of the gravity waves, but they have little impact on the displacement of the

squall-wave syslem since it is more determined by propagating gravitYwaves. The results

conform to the finding of Raymond (1987), who a1so emphasized the importance of low­

level cooling in the wave-CISK mechanism. It is a1so consistent with the modeling study

of Cram et al. (l992a). who noted that the phase speed of the wave-squall system is less

sensitive to the incorporation of parameterized downdrafts.

fi. Conclusions

In this study, an improved mesoscale version of the RFE model has been used to

investigate the role of gravity waves in the development of a prefrontal squall line

associated with the 14 July 1987 Montreal flood. Several numerical experiments have

been conducted to gain insight into the influence of deep convection on the propagation

and characteristics of the gravity waves. The most important results are summarized

below.
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a) Il is shown that the improved version of the RFE model could reproduce

• reasonably weil the development and structure of the 14 July 1987 squallline. as verified

against available observations. In particular. the predicted squaliline is initiated at nearly

the right location and moves at the right spceds eastward ahead of a frontal zone. The

distribution and magnitude of the associated precipitation also compare favorably with the

observed.

b) It is found through various diagnostics and sensitivity expcriments that deep

convection interacts closely with gravity waves in the development of the squall line and

heavy rainfall events. These waves are excited by early convection near Lake Erie and

propagate for many hours in an environment characterized by a low-Ievel thermal

inversion.

•

•

c) The wave-CISK mechanism accounts for the maintenance and intensification of

the wave-convection system. Spccifically, deep convection and the leading gravity wave

propagate in a "phase-Iocked" manner over a long distance. Hence. the continued

convective heating/cooling tends to enhance the gravity waves, while the gravity waves

assist the organization of deep convection into a line structure. As deep convection

intensifies, the gravity waves tend to lose locally their structures such that the layer of

convergence and divergence bccomes deeper and their wave ridge bccomes wider.

d) It is found that the realistic prediction of the wave-convection interaction

depends on the use of an appropriate convective parameterization. In particular, the Kuo

convective scheme tends to trigger moist convection over the mesotrough (or mesolow)

region during the mature stage. owing partly to its heating maximum occurring in the

midlevels and partly to the lack of parameterized moist downdrafts. Thus, the Kuo

scheme fails to amplify a train ofgravity waves interacting with deep convection.

e) As shown in the present and previous studies, parameterizcd downdrafts could

play important roles in the generation of surface pressure perturbations and outllow

boundaries, as weil as in the propagation of gravity waves. Thus, the detailed structure
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and evolution of these surface variables could be available to local forecasters if

• parameterized downdraflS and explicit moisture effeclS can be incorporated inoo operational

numerical weather prediction models.

Although the above conclusions are obtained from only a single case study. the

resullS presented above show the potential significance of predicting reasonably the

generation and propagation of gravity waves in order to forecast the development of

mesoscale convective systems and their associated quantitative precipitation. In particular,

this study poinlS to one of the major difficulties in predicting realistically the interactions

between gravity waves and deep convection, Le.• it depends on the type of convective

parameterization. To avoid this problem, one has to use high-resolution nonhydrostatic

models to examine the raIes of gravity waves in the development of mesoscale convective

systems.

•
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Chapter 5

The 14 July 1987 Intense convective system. Part Il: A tralling stratiform

ralnband

5.1 Presentation of article 3

As shown in the preceding chapter. a second band of organized updrafl~ is found at

the rear of the 14 July 1987 squall system (see Fig. 4.7). in association with a trailing

stratiform rainband. Although such trailing rainbands are often observed (e.g.• Smull and

Houze 1985. 1987; Johnson and Hamilton 1988; Rutledge et al. 1988). the flow

structures associated with this squall system differ significantly from those observed in

c1assical squalllines (see Fig. 1.2). The processes leading to the development of sllch

structures are the subject of the present chapter. In article 3. the different dynamical

instabilities that could be responsible for the slantwise upward motion at the rear of the

squall system are examined. as weil as the respective roles of the implicit and explicit

condensation processes in the generation of the leading and trailing updrafl~ bands. The

evolution of the vorticity structures associated with these flow structures are also sludied.

5.2 Article 3

Numerical prediction of an intense convective system associaled with the July 1987

Montreal flood. Part Il: A trailing stratiform rainband. By Stéphane Bélair. Da-Lin

Zhang, and Jocelyn Mailhol.

Accepted for publication in Armos.-Ocean. December 1994.
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Abstract

ln this sludy, the inlernal circulation struclures of the 14 July 1987 intense mesoscale

convective system (MCS) are investigated using an improved high-resolution version of the

Canadian regional finite-element model. It is found that although the MCS is characterized

by a leading convective !ine followed by a trailing stratiform rainband, the associated

circulation structures differ substantially from those in the classical midlatitude squall

system. These include the rapid propagation and separation of the leading convection from

the trailing rainband, the development ofa surface-based instead of an elevated rear-to-front

descending flow and a shallow front-to-rear ascending f10w associated with the stratiform

precipitation, the generation of low- to mid-Ievel mther than mid- to upper-Ievel stratiform

cloudiness and the development of a strong anticyclonic vorticity band at the back edge of

the stratiform region.

Il is shown that the trailing stratiform rainband is dynamically forced by

frontogenetical processes, and aided by the release of conditional symmetric instability and

local orographicallifting. The intense leading and trailing circulations result from latent

heat released by the convective and explicit cloud schemes, respectively. Sensitivity

experiments reveal thatthe proper coupling of these two cloud schemes is instrumental in

obtaining a realistic prediction of the above-mentioned various mesoscale components.

Vorticity budget calculations show that tilting of horizontal vorticity contributes the most ID

the amplification of the anticyclonic vorticity band. particularly during the squall's incipient

stage. The sensitivity of the simulated squall system to other model physical parameters is

also examined.
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1. Introduction

There have been considerable observational studies of mesoscale banded c1nudiness

and precipitation associated with extratropical cyclones (e.g.• Browning and Harrold.

1969; Hobbs, 1978; Houze and Hobbs. 1982; Sanders and Bosart. 1985; Reuter and Vau.

1990; Snook. 1992) and mesoscale convective systems (MCSs) or squalilines (Ogum and

Liou. 1980; Smull and Houze, 1985; Leury and Rappaport. 1987; Johnson and Hamilton,

1988; Rutledge et al.• 1988; Houze et al., 1989). In particular. much progress has been

made during the past two decades on the understanding of frontal rainbands. Conditional

symmetric instability (CSI) has been commonly suggested as one of the dynamical

mechanisms by which these rainbands are generated (Bennetts and Hnskins, 1979;

Emanuel. 1979; Sun, 1984; Xu, 1986; Thorpe and Rotunno, 1989).

In contrast. much less attention has been paid to the understanding nI' the banded

stratifonn precipitation that often oecurs behind a line of deep convt:ctinn (i.e.• squaliline).

Like frontal rainbands. this type of banded precipitation develops in convectively stable

conditions and typically has a width of a few tens to a couple of hundreds of kilometers.

However. il has been found that in some cases. the trailing stratiform precipitation can

account for as much as 40% of the total rainfall of some MCSs (Houze, 1977; Churchill

and Houze. 1984). and produce upward motion as strong as 1 m s·1 (Ogura and Liou,

1980; Rutledge et al.• 1988). Because of the generation of significant precipitation, latent

heating in the trailing stratifonn region tends to have more dominant effects on the structure

and evolution of mesoscale circulations than those associated with frontal rainbands. 11

fact, it has been observed that intense trailing stratifonn precipitation is weil corrclated tu

the development of midlevel cyclonic (Leary and Rappaport, 1987; Zhang and Fritsch,

1987; 1988b; Brandes, 1990; Biggerstaff and Houze, I991b; Zhang. 1992) and

anticyclonic mesovortices (Biggerstaff and Houze, 1991b; Zhang, 1992), strong sloping

front·to·rear (FrR) and rear·to·front (RTF) flows (Smull and Houze, 1987; Houze et al.•
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1989; Zhang and Gao, 1989), surface wake lows (Johnson and Hamilton, 1988; Zhang et

al., 1989), and heat bursts (Johnson et aL. 1989).

Although squall-\ine systems have been extensively investigated for many years, only

a few case studies focused on the processes leading to the formation of trai\ing stratiform

precipitation. Smull and Houze (1985) examined the water budget of a midlatitude squall

\ine and found that most of the trai\ing stratiform precipitation is produced by the fallout of

the rearwardly advected ice particles from the leading convective Une. Based on composite

high-resolution dual-Doppler radar analyses of the 10-11 June 1985 squall system,

Biggerstaff and Houze (l99Ia) noted that the region of heavier stratiform precipitation

tends to he located immediately hehind the more intense convective portions of the leading

\ine, and that the width of the stratiform precipitation is determined by a combination of the

Fm wind velocity and microphysical fallout scales. Using a numerical simulation of the

same case, Zhang and Cho (\992) investigated the dynamical mechanisms whereby the

banded stratiform precipitation develops. They found a deep layer of negative moist

potential vorticity (MPV) in the upper portion of the Fm ascending f1ow, indicating that

the stratiform region is unstable to slantwise convection. Zhang and Cho (1992) showed

that the negative MPV in this region results from upward and rearward transport of low­

level convectively unstable air along the sloping Fm ascending f10w after the associated

potentiaI instability is re\ieved in the leading convective region.

ln these previous studies. both the leading convective \ine and trr.i1ing stratiform

precipitation are quite intense. so convective processes along the leading Une appear to have

played an important role in detennining the intensity, structure and width of stratifonn

precipitation. However, lhere are significant case-to-case variabilities in the devebllment

of stratiform precipitalion. In fact, for sorne squall systems, much less or \ittle trai\ing

stratiform precipitation has been observed (e.g., Carbone et al., 1990; Trier et al., 1991;

Fankhauser et al•• 1992). Therefore, severa! questions can he raised. For example, what

dynamical processes could he responsible for such variabilities1 What is the relative
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importance of the leading convection vs. the prestonn environments in the development of

trailing stratifonn precipitation?

The main purpose of the present study is to address the above issues, using a 20-h

numerical prediction of an intense squall system that caused the flooding minfall in the

vicinity of Montreal on 14 July 1987 (see Bellon et al., 1993; Tremblay, 1994; Bélair et al.•

1995b). In Part 1of this series of papers (see Bélair et al.• 1995b), we have shown that an

improved mesoscale version of the regional finite-element (RFE) model reproduces

reasonably weil the development and evolution of the squall system associated with the

Montreal flood events, as verified against available observations. The model also

reproduces a line of squall convection, followed by a band of stratifonn precipitation, as

occurred in other squall systems (e.g., Ogura and Liou, 1980; Johnson and Hamilton,

1988). However. the flow structure and development mechanisms of the squall system

appear to differ from those in the previous squall-line studies. In this paper, we will focus

only on the development of the trailing stratifonn rainband, since the generation of the

leading squaliline has been the subject of Part 1of this series of papers. Another purpose

of this study is to examine the processes leading to the development and maintenance of an

intense anticyclonic vorticity band in the trailing stratifonn region.

The next section shows evidence of the model-predicted precipitation band, as

compared to satellite observations. Section 3 presents the development of midlevel

cyclonic and anticyclonic vorticity structures associated with the stratifonn rainband.

Section 4 examines various dynamical forcing mechanisms that are responsible for the

generation of the trailing stratiform minband. whereas section 5 discusses the roles of

different model physical processes in the development of the trailing stratiform

precipitation. Asummary and concluding remarks are given in the final section.

2. Precipitation band

The satellite infrared imagery at 1800 UTC 14 July. given in Fig. 5. la, shows a

convective line (denoted by the letter. 'C') followed by a transition zone of low-Ievel
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clouds and a band of midlevel cloudiness (denoted by the letter. 'R') that extends from

western Pennsylvania to western Quebec. The leading convective line. consisting of deep

and intense convective cells. has a width of about 200 km. while the width of the trailing

midlevel stratiform cloud band is about 150 km. The improved RFE model (see Part 1for a

detailed description) reproduces reasonably weil the scale and orientation of the cloud

bands (see Fig. S.lb). Specifically. the leading convective and trailing stratiform rainfall

bands. as seen from the satellite imagery. are weil represented by two zones of

(instantaneous) parameterized and grid-scale rainfall. respectively. This indicates that the

leading line. 'c'. is mainly convective in nature whereas the trailing stratiform band. 'R'.

develops in a convectively stable environment This will be further discussed in section 5.

Now. let us fust examine the sequence ofevolution from the initiation of the squall

convection to the formation of the trailing stratiform rainband using vertical cross-sections

of across-band circulations associated with the squall system (Fig. 5.2). Decause the

trailing stratiform rainband extends gradually northward. different locations of cross

sections are taken to beller portray the evolution of the internai f10w structures (see Fig.

S.lb). At 10 h (Fig. S.2a). i.e.• shortly before the initiation of the squallline. the prestorm

environment near Lakes Erie and Ontario is nearly saturated up to 400 hPa as a result of

sustained large-scale ascent that occurs ahead of a midIevel baroclinic trough (see Fig. 5.2

in Délair et al.• 1995b). Subsequently. parameterized convection is triggered in the vicinity

of the surface cold front and strong upward motion is induced along the leading convective

line. 'c' (Fig. S.2b). In Part 1. we have shown that Ibis convective line moves rapidly

eastward in a "phase-Iocked" manner with convectively-forced gravity waves. Of interest

here is a zone of organized updrafts (i.e•• the stratiform rainband 'R' in Fig. S.2c) that

begins to separate from the eastward-propagating squallline shonly after 12 h. with a

transition zone between. This transition zone could be generated by the descending portion

of propagating gravitYwaves and/or the rapid separation of the convective line from the

trailing rainband. Then. the trailing updrafts tilt gradually rearward (actua1ly northward in
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Fig. S.1 a) GOES satellite infrared imagery at 1800 UTC 14 July 1987; and b) predicted
hourly rainfaU rates (every 1 mm hol ) by impUcit (soUd) and expUcit (dashed) cloud
schemes from 18·h integration. The dashed Unes in a) and the thick soUd Une in b)
indicate the position o,f the trailing rainband. The letters, 'R' and 'C', show the
stratiform and convective bands, respectively; similarly for the rest of figures. Unes,
'A' to 'E', indicate the locations of cross sections used in subsequent figures. The
double dot-dashed Unes denote the position of the predicted gust fronL
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three dimensions) to become a shallow FI'R ascending flow. with a value reaching 40 cm

s-1 between 18 and 20-h integrations (see Figs. S.2e-O. Note a surface-based RTF

descending flow that emerges beneath the FI'R' flow around 18 h into the integration.

Unlike the 10-11 June case. this RTF flow appears to be assoeiated with the frontal

circulation that is enhanced .by melting and evaporative cooling from the rainband. Note

also that this FI'RJRTF circulation moves eastward at a speed much slower than the leading

squaliline. thus lagging more and more behind with lime (see Figs. S.2c-O. Clearly. the

evolution of these two updraft bands is governed by different dynamical mechanisms and

physical processes; and the stratifonn rainband could not be related to the propagation of

gravity waves. As the leading convection advances much further ahead. midlevel drier air

is advected from the south into the transition zone. The squall-induced compensating

subsidence also tends to dry the air in this area. As a result. a midlevel dry poeket is

generated in the transition zone (see Figs. S.2e-O. Moreover. the stratifonn rainband can

only penetrate to about 400 hPa. which is consistent with the midlevel cloud top visible

from the satellite imagery (cf. Figs. 5.1 and S.2e-O.

Here, it is necessary to compare the internal flow structures presented above to the

conceptual model of squalilines by Houze et al. (1989). Midlatitude squall systems, like

those studied by Ogura and Liou (1980). Smull and Houze (1985), Johnson and Hwnilton

(1988), are typically marked by an overturning updraft along the leading line. an intense

FTR ascending tlow transporting higher-ge air from the boundary layer ahead into the

stratifonn region, and an elevated RTF descending flow bringing midlevellower-ge air

down to the boundary layer. These circulations tend to produce characteristic surface

pressure perturbations. such as presquall mesolows. mesohighs and wake lows (see

Johnson and Hwnilton. 1988; Zltang and Gao. 1989). It is evident from Fig. 5.2 that the

circulation structure of the 14 July 1987 squall system differs substantially from the above

conceptual model. For example. the RTF descending flow 8SSOCiated with the cold front is

surface-based and relatively weak 50 that wake lows did not fonn at the rear of the system
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(see Bélair el al., 1995b). More imponantly, the FIR ascending f10w associated with the

trailing rainband does not originate from lhe boumlary layer ahead of the leading convective

line. Thus, ilS energy source can only come parl1y from the south associated with the low­

level jet ahead of the surface front (see Bélair et al.• 1995b) and parl1y from what is left

behind by the rapidly propagating convective line. Dther circulation fealUres that differ from

the Houze et al. conceplUaI model include: a) the rapid separation of the leading convective

line from the trailing rainband due to their different propagation speeds; and b) the nearly

upright ascending f10w associated with the leading squall convection due to the lack of

enough accumulated cold air mass (Rotunno et al•• 1988). Therefore. the dynamical

forcing mechanisms and physical processes that can account for the development of the

trailing stratiform rainband in the present case must be different from those discussed by

SmuIl and Houze (1985) and Zhang and Cho (1992). These subjects will he investigated

in detail in sections 4 and 5, respectively.

3. Vortlclty structure

After showing the different circulations compared to the classic squaIl systems, it is

of interestto investigate the relative vorticity structures associated with the 14 July 1987

squall system. In particular. Biggerstarf and Houze (l991b) and Zhang (1992) have

shown the formation ofa deep cyclonic vorticity zone along the leading line. foIlowed by a

weak anticyclonic vorticity zone and an intense midlevel mesovortex in the trailing

stratiform region of the 10-11 June 1985 squaliline (see their conceptual models). For this

purpose, a horizontal map of relative vorticity at600 hPa is given in Fig. 5.3. which shows

the development of an elongated cycloniclanticyclonic couplet ofrelative vorticity along the

trailing stratiform rainband, 'R'. It is evidentthat the cyclonic vorticity zone is similar to

that in the stratiform region of the 10-11 June 1985 squall system, except that it contains

liltle curvature vorticity. However. there are two vortical elements that depart from the

conceptua1 models: one is the development of an anticyclonic vorticity zone at the backedge
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Fig. 5.3 Horizontal map of relative vorticity (every 4 x 10.5s·l) and wind vectors at 600
hPa. from 14-h integration. Solid (dashed) Iines are for positive (negative) values.
Shadings indicate regions with vertically·integrated cloud water/ice and
rainwaterlsnow greater than 1 mm. The position of the surface cold front is also
shown.
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of the trailing stratifonn rainband and the other is the absence of deep cyclonic flow along

the leading squaIlline.

Vertical cross sections of relative vorticity and vertical circulations, as given in Fig.

5.4, show the development of two cyclonic/anticyclonic vorticity couplets which are

correlated, respectively, to the leading convective line and the trailing stratifonn rainband.

Unlike the mesovortices documented in the previous squaIl-line studies, these two vorticity

couplets move closely with the two updraft zones; there is Iittle interaction between them

due to the absence of deep FTR and RTF flows in the low to mid-troposphere. The

convectively generated vorticity couplet is relatively weak and only confined below 6S0

hPa. This couplet intensifies and dissipates in pace with the leading convective line; it

diminishes more rapidly after 18-h integration (see Figs. S.4c,d). In contrast, the vorticity

couplet associated with the trailing stratifonn rainband is deeper, stronger and more

persistent Of importance is that the cyclonic vorticity band is always embedded in the

trailing updraft zone during the Iife cycle of the system, rather than in a descending flow

Iike that which occurred in the June 10-11 squall system. This vorticity band dissipates as

the system wealcens, in contrary to the June 10-11 mesovortex which intensifies even

during the squaIl's dissipation stage. Again, these differences are attributable to the absence

of the c1assic flow structures usually found in squaIl systems.

Of particular interest is the robustness of the anticyclonic vorticity band that is located

at the back edge of the stratiform rainband. This vorticity band intensifies fust in an

upright ascendlng flow (Figs. S.4a,b), and then in a slantwise circulation with its center

located at the interface between the FI'R ascending and RTF descending flows (Figs.

5.4c,d). More interestingly, its intensity even increases during the decaying stage of the

system (see Figs. S.4c·d), and reaches -2.5 x 10-4 s·1 at 20 h; this value is more than

twice the local Coriolis parameter. Thus, this anticyclonic vorticity band becomes the most

significant element after 20 h into the integralion. This vorticity band lasts for more than 10

houcs. It has an across-band scale of 100 km, and its along-band scale is comparable to the
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length of the stratiform rainband. Such an anticyclonic vorticity band differs from that in

• the classical squall system, in which the midlevel anticyclonic vortex is relatively shorter­

lived due to iLS interactions with the leading and wake vortices (see Zhang, 1992). So far,

considerable work has been done on the understanding of the generation and maintenance

of midlevel cyclonic mesovortices within MeSs. However, much less attention has been

paid to the development of midlevel anticycIonic vortices. This is because convectively

generated anticyclonic vortices occur at smaller scales and tend ta he transienl, as compared

ta longer-lived cyclonic vortices. In the present case, the anticyclonic vorticity band cIearly

outlives its cyclonic counterpart

To examine how the midlevel vorticity couplets are generated and maintained, the

Lagrangian vorticity budget is computed using the foUowing equation:

•

•

~{+.n __ ({+.n(au + av)_(awav _awau) (5.1)
Dt an as an ap as ap

where D({+f)/Dtis the Lagrangian absolute vorticity tendency, {is the relative vorticity and

ail the other variables assume their standard meteorological meaning. The first term on the

RHS of (5.1) represents the stretching of the existing absolute vorticity by divergent now,

and the second term is the tilting of horizontal vorticity by nonuniform vertical motion.

It is found from the vorticity budget calculation that vortex stretehing is one order of

magnitude smaller than tilting of horizontal vorticity in the carly stages of the squall system.

Thus, Fig. 5.5 only shows a vertical cross section of vortical contribution due to tilting of

horizontal vortlcity from 14-h integration. Oiven that the winds along the bands increase

with height (see Fig. 5.7), updrafts always tend to produce vorticity tendency couplets

(cyclonic on the right and anticyclonic on the left) due to the tilting, whereas downdrafts

produce an opposite vorticity couplet The small cyclonic tendency along the leading line is

evidently due ta the presence of weak vertical shear (sec Fig. 5.7). This result is consistent

with that in Biggerstaff and Houze (199lb) and Zhang (1992), who showed that tilting oC
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horizontal vorticity was mainly responsible for the initial production of a vorticity couplet in

the 10-11 June 1985 squall system.

During the system's mature stage, i.e., at 18 h, the vonex tilting is still the main

vomcity production term at the leading line, 'C' (see Figs. 5.6a,b). However, ilS

contribution to the Lagrangian vorticity tendencies decreases with time as the leading line

moves gradually into the weaker baroclinic region ahead (see Fig. 5.7). By comparison,

the Lagrangian vorticity tendencies in the trailing stratiform rainband increase during the

period (cf. Figs. 5.5 and 5.6a), particularly for the anticyclonic component. It is evident

from Figs. 5.6a,b that tilting of horizontal vorticity stil1 plays a dominant role in

determining the intensity of the trailing vorticity couplet, but now with additional

anticyclonic contribution from the RTF descending flow behind. The vonicity generation

also extends to higher levels and becomes rearwardly tilted, in coincidence with the

development of the slantwise circulation and vomcal couplet in the trailing stratiform

rainband (see Figs. 5.2e-O. Because of the development of significant divergent flow

during this mature stage, the vonex stretching also makes imponant contributions to the

vorticity production (see Fig. 5.6c). Its effeclS are to enhance the anticyclonic vorticity in

the (divergent) descending fl!>w and the cyclonic vorticity ln the lower (convergent) portion

of the slantwise ascent. Furthermore, it destroys the upper (divergent) portio': ofcyclonlc

vomcity ln the slantwise ascent. The net result is that the traillng anticyclonlc vonicity

gains an anticyclonic spin-up of 6 - 8 x 10.5 s-I h- I in a Lagrangian sense. On the other

hand, the cyclonlc vorticity at Ils core region tends ta weaken due to the offset between the

tilting and stretchlng effects. These results are consistent with the continued growth of

anticyclonic vorticity and the decay of cyclonic vorticity in the trailing stratiform rainband

(see Figs. 5.4c-d),

The above budget calculations are, ta a cenain degree, in agreement wlth the findlngs

of Zhang (1992) that the tilting of horizontal vorticity plays a dominant role during the

incipient stage and the vonex stretching produces more imponant contributions during Inter
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stages in the development of the 10-11 June 1985 mesovortices. However. in the present

case, the trailing vonicity couplet develops along a baroclinic zone. rather than in

convectively generated Fm ascending and RTF descending circulations. Thus, the tilting

effeclS are more persistent in the development of the trailing vorticity couplet, particularly

for the anticyclonic vorticity band.

4. Dynamlcal forcing mechanlsms

As mentioned in the Introduction, few studies have focused on the dynamical

development mechanisms of trailing stratiform precipitation. Zhang and Cho (1992) relates

the generation of trailing stratiform precipitation in the June 10-11 squall case to the

transpon of the boundary-Iayer high-Be air in the prestorm environment In the present

case, the leading convective line almost 'ShUlS orr the energy supply from the boundary

layer ahead, as previously discussed. Thus. we must look for other dynamical

mechanisms to explain the development of the present trailing stratiform rainband. In the

following. we examine the possible effects of large-seale baroclinicity. the leading

convection. orography and CSI.

The effeclS of large-seale baroclinic forcing can be clearly seen from the distribution

of potential temperature and vertical wind shears given in Fig. 5.7. The convective line is

initiated along the leading edge of the low·level baroclinic zone and then propagates rapidly

into the warm sector having weaker vertical shears. In contrast, the trailing stratiform

rainband develops in a strong baroclinic zone. Figure S.8 shows the vertical structure of

the squall system in relation to the baroclinic environment during the early stages of the

system's development A moist isentrope of 330 Kis used to delineate approximately the

frontal zone. The tilted frontal surface and the baroclinic wave trough are evident in the

vicinity of the squall system (see Fig. S.8a). Strong and deep cold advection occurs behind

the trough axis (see Fig. 5.8b). which provides a favorable forcing in lifting the boundary­

layer air to saturation. A sounding of equivalent potential temperature. Be. taken near the

center of the trailing rainband. reveals close to potentially neutral conditions up to 400 hPa
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(see Fig. 5.8c), which is in significant contrast to the potentially unstable stratification

along the leading line (e.g., see Fig. 4.4). This sounding is too stable to activate the

Fritsch and Chappell (1980) (hereafter referred to as FC) convective seheme; so only the

generation of grid-seale precipitation is possible. Note that such a neutral 50unding favors

the development of upright ascent due ta the existence of little resistance in the vertical.

Once latent heating occurs, the baroclinically-forced upward motion will he enhanced.

Above 400 hPa, however, the presence of an inversion tends to suppre."~ the upward

penetration of the stratiform rainband. Thus, it can only develop in the low to mid­

troposphere, as compared to the upper-level development of stratiform precipitation in the

classical squall-line conceptual model.

To further ensure that the aforementioned updraft band is generated by the large-seale

baroclinicity, another numerical experiment was conducted, in which both the FC and

explicit moisture schemes were omitted (Exp. DRY) from the control run (Exp. CTL).

Without diabatic heating, the circulations 50 generated should he dictated by large-seale

advective processes. A comparison hetween Exps. CTL and DRY, as given in Figs. 5.8b

and 5.9, shows that the circulations and thermal structures in these two runs are similar,

except that the upward motion in Exp. DRY is much weaker and more widespread than in

Exp. CTL. Furthermore, there is no transition zone nor separation of updraft bands due ta

the absence of rapidly propagating gravity waves. Therefore, the large-seale baroclinic

forcing at least provides a favorable environment for the development of the leading squall

convection and' the trailing stratiform rainband.

One may note from Fig. 5.8a that the grid-seale precipitation during the incipient

stage occurs on the windward side of a mountain range (i.e., the Appalachians), suggesting

that orographically-induced circulations may have assisted the production of the stratiform

rainband, 'R'. Normally, orography would tend to provide a favorable lifting on its

windward side. To evaluate if the orographical effect is significant in the present case,

another experiment was conducted in which the mountains were removed. Results show
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• that the upward motion band at OR' still develops, but it is delayed for a couple of hours

(not shown). Thus, the orography in the present case assists the early generation of grid­

box saturation; but it does not control the longitudinal extent of the trailing stratiform

rainband since the trailing rainband extends much further to the north of the mountainous

region where the cross section was taken.

The slantwise character of the circulation along the rainband, OR', during the later

stages (see Figs. 5.2e,O suggests that CSI may be operative. To verify this, the dynamical

variable, MPV, is computed in three dimensions:

MPV = idOe (aw _av) + aOe (au _aw) + aOe (av _au + O]/p (5.2)
an as az as az an az an as

where n and s represent the directions perpendicular and parallel to the cross sectional

plane, respectively. According to the two-dimensional CSI theory, a saturated region

characterized by negative MPV will be subject to moist symmetric instability (Bennetts and

• Hoskins, 1979; Moore and Lambert, 1993); this instability is conditional when the

atmosphere is subsaturated. Thus, small or negative MPV in a saturated environment will

exhibit a stronger response to frontogenetic forcing, which could lead to the formation of

intense mesoscale rainbands along the frontal zone (see Emanuel, 1985; Thorpe and

Emanuel, 1985; Emanuel et al., 1987; Knight and Hobbs, 1988; Zhang and Cho, 1995).

Figure 5.10 shows vertical cross sections ofMPV during the incipient (i.e., 14-h) and

dissipating (i.e., 20-h) stages. One can see that the convective region is characterized by

positive MPV aloft and negative values below due to the presence of potential instability in

the boundary layer [i.e., in Eq. (5.2), aoe/az < 0]. However, the degree of potential

instability decreases toward the frontal zone even though the depth of negative MPV

increases. At OR', the vertical stratification is close to neutral during the incipient stage (see

Figs. 5.lOa and 5.8c), and convectively stable at the later stages, as indicated by the

westward tilt of moist isentropes (Figs. 5.1Oa,b). Such an evolution corresponds weil to

• ,.
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the change of updraft types from nearly upright ta slantwise motion neac the sttatiform

• rainband (500 Figs. S.2b-O. A deep layer of negative MPV at 'R' indicates that the

circulation associated with the stratiform rainband, though convectively neuttal or stable, is

unstable to slantwise convection. Note tha! the area and magnitude of negative MPV a! the

top portion of the rainband (i.e., near 400 hPa) increase with lime. This is due to the

northward and upward transport of negative MPV within the rainband, a mechanism

similar to that discussed in Zhaog and Cho (1992).

Therefore, we may state that the trailing sttatiform rainband in the present case

develops as a consequence of the frontogenic forcing which is aided by CSI and

orographical forcing.

5. Importance 01 dlfferent model physlcal processes

While the dynamical forcings discussed above are crucial in providing the necessary

lifting and favorable environment for the development of the sttatiform precipitation, much

weaker vertical motion and different circulations occur when cloud condensational

•

processes were omitted (e.g., lilce that in Exp. DRY). This indicates that cloud physical

processes must also play an important role in determining the development of various

mesoscale components of the squall system.

We have shown in Fig. S.lb that the leading convecti'1e and ttalling sttatiform

rainbands are produced, respectively, by the parameterlzed and explicit condensation

schemes. Their vertical heating/cooling structures and relationships to the squall

circulations cao he seen from Fig. S.II, namely, the parameterized and explicit schemes are

weil correlated with deep updrafts along the leading line and shallow and slantwise ascent

in the sttatiform region, respectively. Although the parameterlzed scheme is capable of

generating the grId-box saturation at the upper levels through cloud detrainment and

convectively forced ascent (see Fig. S.lIb), it contrlbutes little to the development of the

ttailing sttatiform precipitation. This is in significant contrast to the June 10-11 squall

system in which a large portion of the trailing stratifonn precipitable water was transported
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from the leading convection through the FI'R ascending tlow (Gallus and Johnson. 1991;

• Biggerstaff and Houze. 1991a; Zhang and Gao. 1989; Zhang et al•• 1994). Furthermore.

most of the stratiform precipitation in the present case occurs in the 10w- to mid­

troposphere. whereas for typical squall systems it often occurs in the mid to upper- levels.

There are several factors that could be responsible for the different behaviors of

precipitation production in the present stratiform region. These include: i) a weak

convective forcing including the parameterized heating and moistening along the 1eading

line. e.g.• a heating rate of 5 oC h- 1 in the present case (see Fig. 5.11a) as compared to

about 10 OC h-1 in the June 10-11 case (see Fig. 3b in Zhang et al.• 1994); ii) the rapid

separation of the leading line from the trailing rainband 50 that coherent vertical circulations

forced by these two heating regimes could not develop; and iii) the absence of an e1evated

strong RTF tlow descending to the ground. or the absence of a deep cold pool such that the

leading squalI's circulation could never tilt upshear during its life cycle. Because of the

latter two factors. little convective available potential energy (CAPE) from the boundary

layer ahead of the system could be transported into the stratiform region. as mentioned

previously.

To isolate the individual roles of convective parameterization and grid-scale

microphysics in the development of the tralling stratiform ralnband. two additional

numerical experiments were conducted. in which either the grid-scale latent heating was

neglected (Exp. NOEX) or the Fe scheme was turned off (Exp. NOFC). white keeping ail

the other parameters identical to the control run. Il is evident from Fig. 5.12 that in Exp.

NOEX. the model fails to reproduce the slantwise circulation or trailing ralnband near 'Rf.

even with the favorable frontogenetical and orographical forcing. This funher indicates the

different roles of dynamical forcing and physical processes in the formation of the trailing

ralnband. The neglect of grid-scale heating does not affect significantly the structure and

evo1ution of the leading convective line. as expected, except for the magnitude of upward

• motion. On the other hand. when the Fe scheme was tumed off (i.e•• Exp. NOFC). the
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model reproduces weil the timing and location of the stratiform rainband (Fig. 5.13); but it

misses entirely the deep updrafts associated with the leading convective line. This al50

could be expectej since the grid-box saturation at some distance ahead of the front could

not be achieved. Of importance is lhat both the FrR ascending and RTF descending

currents at the rainband, 'R'. are much stronger than those in the control ron (cf. Figs. 5.2e

and 5.13). This is because the higher-ge air in the boundary layer ahead can now be

transported directly into the baroclinic zone and then released in the FrR ascending flow.

Thus. the role of the leading convective line is lO remove most of CAPE. thereby Iimiting

the rapid development of the trailing stratiform precipitation in the baroclinic zone. The

results al50 show the importance of the proper coupling between implicit and explicit cloud

schemes in mesoscale models (see Molinari and Dudek, 1992; Zhang et al., 1988; 1994).

Because of the absence ofenergy competition between the implicit and explicit precipitation

in Exp. NOFC, the rainband circulation has been overamplified. It should be mentioned

that when a simple supersaturation removal scheme was used instead of the more

50phisticated explicit moisture scheme. a weaker RTF descending flow resulted, indicating

that its intensity is sensitive lO the melting and evaporative coaling.

To test the hypothesis that the weak convective forcing accounts partly for the

absence ofclassical sqUall-line circulations in the present case, the moistening and heating

tendencies in the FC convective scheme are artificially doubled (Exp. 2XFC) after 14-h

integration when the leading and trailing rainbands are separated (see Fig. 5.2c). This is

equivalentto a hypothetical situation in which more CAPE.like that in the lune 10-11 case.

were present in the prestorm environmenL It is apparent from Fig. 5.14 tltat the circulations

50 generated are markedly different from those in Exp. CTL. For example. much stronger

updrafts (>5 Pa s·t) develop at the leading line. as expected. Meanwhile. a wider and

deeper layer of grid-box saturation occurs right behind the leading line. as can also be

expected. However, the ascending flow tends lO tilt more rearward to form a deep Fl'R

flow. which allows the transport of high-ge air from the boundary layer ahead into the
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upper-Ievel stratifonn region. As the stratifonn precipitation occurs, an elevated RlF flow

begins ID emerge as a result of the development of a strong midlevel mesolow (Smull and

Houze 1987), and melting and evaporative cooling (Zhang, 1992). Now, these flow

structures look similar to those in the classical squall-line model (i.e., Houze et al., 1989).

except that the RlF descending flow only takes place locally 1ue to the lack of large-scale

suppon (see Zhang and Gao, 1989). On the other hand. this enhanced convective forcing

affects only slightly the intensity of the circulations near the frontal zone (note the different

scales used in Figs. S.2 and S.14), as compared ID that in Exp. cn..
Finally. it is of interest to evaluate the model's sensitivity to the use of the Kuo

(1974) convective scheme (Exp. KUO), since this scheme is currently used at the Canadian

Meteorological Center (CMC) for operational forecaslS. As shown in Pan J. the model is

still able to produce a line of convection propagating eastward, as can also be seen from

Fig. S.1 S, but in a manner different from that produced by the FC scheme. Moreover. this

upward motion and the convective feedback from the Kuo scheme are unable to generate a

deep saturated layer along both the leading !ine and frontal zone (cf. Figs. S.2e and S.IS).

Thus, the model fails to reproduce the slantwise circulation or stratifonn cloudiness

observed near the baroclinic zone. These differences can be attributed to the ways to

achieve convective stabilization between the FC and Kuo schemes. For example. the Kuo

scheme negleclS the effect of moist downdraflS and has a heating maximum typically

located at a levellower than that by the Fe scheme. This heating profile tends ID favor the

lower-Ievel masslmoisture convergence and the development of a pressure trough or

mesolow at the surface, as discussed in Bélair et al. (1994, 1995b). Furthennore. the Ob"

parameter in the Kuo scheme may be too large for an intense MCS like the present one.

Hence, the mass penurbation or upward motion generated in Exp. KUO is much weaker

than !hat in Exp. cn.. This in tum reduces the upward transpon of moisture to moisten the

midtroposphere. Anthes (198S) commented that the Kuo type of convective

parameterization may be only appropriate in predicting the initiation of MCSs.
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6. Summary and conclusions

• In this study. the mesoscale structures of a trailing stratifonn rainband associated

with the intense squall system that was responsible for the 141uly 1987 Montreal flood are

investigated using 20-h predictions of the case with an improved version of the RFE

model. The dynamical and physical processes that are responsible for various components

of the squall system, as weil as its vortical structures, are examined. The Most important

findings are summarized as follows.

a) We found that although the squall system is characterized by a leading convective

line followed by a trailing stratifonn rainband. the associated circulation structures differ

substantially from those in the classical midlatitude squall system. These include the rapid

propagation and separation of the leading convection from the trailing rainband. the

development of a surface-based instead of an elevated RTF descending flow and a shallow

Fra ascending flow associated with the stratifonn precipitation, the generation of low· to

midlevel rather than mid- to upper-Ievel stratifonn cloudiness and the development of a

strong anticyclonic vorticity band at the back edge of the stratifonn region.

b) Because of the above circulation structures. the trailing stratifonn rainband is not

fed directly by the boundary-Iayer high-8e air ahead. lt is dynamically forced by

frontogenetical processes, and aided by the release of conditional symmetric instability and

local orographicallifting. The intensity of the rainband is detennined by latent heat released

in the frontal circulations. This finding seems to he particularly relevant to olher

midialitude sqlialllines that develop in close proximity to cold fronts in moderate CAPE

environments.

c) A number of sensitivity experiments have been conducted to gain insighl into the

development of various mesoscale components of the squall system. It is shown that the

parameterized and explicit cloud schemes are responsible for the generation of the leading

convective line and trailing stratifonn rainband, respectively. The results further reveal the

• importance of an appropriaie coupling of a convective parameterizalion and an explicil
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moiswre scheme in obtaining the realistic prediction of an MCS. It is found that one of the

roles of the leading convection is ta remove most of the potentially unstable conditions.

mainly through parameterized moist downdrafts, and to Iimit the development of the trailing

stratiform precipitation. When Kuo's convective parameterization is used instead of the FC

scheme, the model fails to reproduce the trailing rainband due to the lack of parameterized

downdrafts and the generation of too weak mass perwrbations.

d) We found that the internai flow slnlcture of a squall system is very sensitive ta the

intensity of convective forcing aIolIg the leading.1ine. When the convective heating and

moistening tendencies in the FC scheme are doubled to sirnulate the presence of larger

CAPE in the prestorm environment, the internaI cin::ulations of the squall system are much

closer to those in the classical midlatitude squall-Iine model. even though the larger-scaIe

environments differ.

e) Vorticity budgets have been examined ta understand the development of an intense

vorticity couplet in the trailing stratiform region. We found that tilting of horizontal vorticity

contributes the most to the amplification of the vorticity couplet. particularly during the

squall's incipient stage. Because of favorable contributions from the tilting and stretehing,

the anticyclonic vorticily band can still intensify during the squall's decaying stage and il

becomes a dominant mesoscaIe circulation of the squall system.

Finally, it is necessary to point out that some of the above conclusions are obtained

only from one numerical case study. More case studies. especiaIly using high-resolution

observations, lire needed to generalize sorne of the above conclusions. In particular, more

attention needs to he paid in the future ta the importance of CAPE in the prestonn

environment, low-Ievel wind shear. con"ectively-generated cold downdrafts. elevated rear

inflow jets and orography. in the generation of various internai cin::ulation structures of

midlatitude squall systems•
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Chapter 6

Along-Une varlablllty of a PRE-STORM squall Une

6.1 Presentation of article 4

ACter examining the various internai struClures associated with the 10-11 June 1985

and 14 July 1987 squalllines in the preceding chapters. the along-line variability of these

structures is investigated in this chapter using a numerical prediction of a third midlatitude

squallline that occurred during 26-27 June 1985 over the PRE-STORM network. This

case has been analysed by Trier et al. (1991) and Lin and Johnson (1994). The purpose

of this chapter is to demonstrate further the mesoscale predictability of the internai llow

structures of this squall system, as verified against high-resolution network observations.

and examine these structures due to large-seale and mesoseale circulations.

6.2 Article 4

A numerical study of the along-line variability of a frontal squall line during PRE­

STORM. Dy Stéphane Délair and Da-Lin Zhang.

Submitted to Mon. Wea. Rev., October 1994.

108



•

•

Abstract

Despite the considerable research in the understanding of IWo-dimensional structures

of squalllines, little attention has been paid to the along-line variability of these convective

systems. In this study, the roles of large-seale and mesoseale circulations in the generation

of along-line variability of squalllines are investigated, using an 18-h prediction of a frontal

squall line, that occurred during 26-27 June 1985 PRE-STORM, with the Canadian

regional finite-element (RFE) modl It is shown that the model reproduces reasonably weil

a number of surface and vertical circulation structures of the squall system, as verified

against available network observations. These include the initiation, propagation and

disintegration of the squall system, surface pressure perturbations and cold outflow

boundaries, a midlevel mesolow and an upper-Ievel mesohigh, a front-to-rear (FfR)

ascending flow overlying an intense rear-to-front (RTF) flow, and a leading convective line

followed by stratiform precipitation regions.

It is found that the vertical circulations at the northern segment of the squaIlline differ

significantly from those at its southern segment, including the absence of the RTF flow and

midlevel mesolow, the early dissipation of deep convection and different types of stratiform

precipitation. It is shown thatthe along-line variubility of the squalI's internai circulations

results primarily from the interaction ofconvectively generated pressure perturbations with

a midlevel baroclinic trough. The large-scale trough provides an extensive RTF flow

component in the southern portion of the squall system and an FTR flow component in the

north, whereus the midlevel mesolow tends to enhance the RTF flow to the south and the

FTR flow to the north of the mesolow during the mature stage. The along-line variability of

the squall's circulations appears to be partly responsible for the generation of different

weather conditions ulong the line. The mechanisms that account for the development of an

upper-Ievel stratiform region in the southern segment and a lower-Ievel stratiform region in

the northcrn portion of the squailline are aIso examined.
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1. Introduction

In the recent years, considerable progress has bcen made on the understanding of

two-dimensional structure and evolution of midlatitude squall Iines. These mesoseale

convectiv~ systems (MCSs) often exhibit a line of deep convection, followed by a region of

stratiform precipitation (e.g., Ogura and Liou 1980; Smull and Houze 1985, 1987;

Johnson and Hamilton 1988; Biggerstaff and Houze 199Ia). Their internai fiow structures

are characterized by a front-to-rear (FTR) aseending current of high-8e air overlying an

elevated rear-to-front (RTF) or deseending rear infiow jet of law-8e air (e.g., Moncrieff

1981; Smull and Houze 1985, 1987; Rutledge et al. 1988; Zhang and Gao 1989). Midlevel

mesovortices or intense cyclonic vorticity concentrations (Stirling and Wakimoto 1989;

Brandes 1990; Bartels and Maddox 1991; Biggerstaff and Houze 1991b; Zhang 1992), as

weil as midlevel mesolows (Zhang and Gao 1989; Lin and Johnson 1994) and uppcr-Ievel

mesohighs (Zhang and Gao 1989; Gallus and Johnson 1992) have bcen found to exist in

trailing stratiform regions. Most of these features have bcen summarized in the conceptual

model of squalllines by Houze et al. (1989).

In contrast, much less attention has been paid to the along-line variability of squall's

internaI structures due partly to the limited area of high-resolution observations, and partly

to the Iimited capability of numerical models to resolve multiple seales of circulations.

Recently, the variability of rear inl10w jets has bcen the subject of a few studies. For

instance, Klimowski (1994) noted l'rom dual-Doppler analyses that the rear inllow jet is

stronger in regions of high rellectivity cores, indicating the importance of convective·seale

forcing. Numerical studies showed that the variation of rear inllow jets could bc related to

convectively-induced midlevel mesovortices. Zhang and Gao (1989) and Zhang (1992)

noted from the simulation of the 10-11 June 1985 PRE·STORM (Preliminary Regional

Experiment for STORM-Central, see Cunning 1986) squall system that the elevated rear

inllow jet is stronger to the south of a midlevel mesovortex. Thus, they suggested te

visualize the formation of a rear inllow jet as part of the mesovortex circulation. Davis and
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Weisman (1994) and Skamarock et al. (1994) simulated squalllines that exhibit asymmetric

• circulations in the ~icinity of mesovortices when the effect of earth rotation is inCIuded.

Such three-dimensional f10w structures even arise at the convective scale, as demonstrated

by Weisman (1993), in which rear inflow jets are enhanced in the middle of a convective

bow-ccho line due to the development of meso-y-scale vortices at the ends of the \ine (Le.,

•

•

bookend vortices).

Similarly, \ittle attention has been paid to the role of large-scale f1ows, which

normally govern the development and organization of deep convection along squalllines.

ln particular, squall lines oCten occur in the vicinity of midlevel short-wave troughs or

upper-Ievel jet streams (e.g., Ogura and Liou 1980; Srivastava et al. 1986; Leary and

Rappaport 1987; Johnson and Hamilton 1988; Carbone et al. 1990). Thus. we should

expect that the internaI circulation structure of squall\ines may vary, depending on their

location with respect to the large-scale disturbances. For example, the circulation of a squall

\ine thal develops al the base of a baroc\inic lrough, where lhe RTF ambienl f10w is

stronger, could differ l'rom thal of a squall \ine which occurs 10 the north of the base or

ahead of the trough. In lhis regard, Zhang and Gao (1989) showed the importance of a

large-scale RTF f10w componenl associated with an upper-Ievel jet stream prior to the

development of the 10-11 June 1985 PRE-STORM squallline. In other cases, such a large­

scale SUPPOrl may be less obvious, particularly for MCSs in which rear inflows are weak

and less extensive (e.g., see Smull and Houze 1987). Nevertheless, even within a single

Iinear squall system with a length scale of several hundreds kilometers, the vertical

circulation at one localion would differ l'rom that at other locations when il is embedded in a

large-scale curved f1ow.

The purpose of the present study is to address the roles of large-scale and mesoscale

circulations in the generalion of variable internai structures within midlatitude squall\ines,

using an 18-h simulation of a frontal squall system that occurred during 26·27 June 1985

PRE-STORM. Il should be menlioned that lhis squall system has been documented by
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Trier et al. (1991) and Lin and Johnson (1994). They showed that the squallline, having a

length scale of 1500 - 1800 km, developed ahead of a surface cold front with a pronounced

baroclinic trough aloft. Their analyses also revealed the development of an upper-Ievel

stratiform region at the rear of the squall system, with c1assical two-dimensional now

structures as described before. Moreover, Lin and Johnson (1994) noted two different

types of RTF flows: an elevated one that intensified in response to the development of a

midlevel mesolow (Smull and Houze 1987), and a surface-based one that was related to the

cold frontal circulation. These two observational analyses provide useful information on the

understanding and model verification of the June 26-27 squall system for the pre.~ent study.

However, these two analyses are limited only to the southern segment of the squall system

that was covered by the PRE-STORM network. It remains uncertain whether or not similar

vertical circulations would develop at the northern segment of the squall line. If not, what

are the roles of the large-scale and mesoscale circulations in determining the different

internal structures of the squall system? Thus, the primary objectives of this study are to a)

examine the mesoscale predictability of the variable internai circulations of the 26-27 June

1985 squallline using a high-resolution research version of the Canadian regional finite­

element (RFE) model; b) investigate the along-line variability of the squall's internai

structures; and c) clarify the multiple-seale interactions involved in the development of a

rear inflow jet in the present squaliline.

The presentation of the results is organized as follows. The next section describes

briefly the main features of the RFE model and the initial conditions. Section 3 provides

verification of the 18-h model prediction against available observations, and examines the

two-dimensional vertical structure of the squallline. Sections 4 and 5 discuss the along-Une

variability of the internai structures and weather conditions of the squall system due to

large- and meso-scale circulations, respectively. A summary and concluding remaries are

given in the final section.
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2. Model description and Initiai conditions

An improved version of the RFE model is used for this study, with a high-resolution

uniform grid interval of 25 km over the central domain covering most of the United States

and southern Canada (see Fig. 6.1). Table 6.1 summarizes the basic model features,

which are the same as those used in Bélair et al. (1994, 1995b). Brietly, the RFE model

uses a modified version of the Fritsch and Chappell (1980) (hereafter referred to as FC)

convective parameterization scheme (Zhang and Fritsch 1986) that is coupled with an

explicit moisture scheme predicting cloud water (ice) and rainwater (snow) (Hsie et al.

1984; Dudhia 1989; Zhang 1989). This version of the model is similar to that used

operationally at the Canadian Meteorological Center (CMC), except for the use of the above

physics package and a high-resolution grid length. The model is initialized at 1200 UTC 26

June 1985 wi:h conventional meteorological observations using the same procedures as

those described in Bélair et al. (1994). No supplementary data were used for the model

initialization, since the PRE-STORM network did not collect detailed observations until

1800 UTC 26 June when the squallline under study was initiated.

At the model initialtime. there is a large-scale surface cold front that extends l'rom

western Texas to western Ontario, with a low-pressure zone located over western central

Kansas (see Fig. 6.2). The surface circulation shows an anticyclonic northerly cold current

associated with the high-pressure center over Wyoming, and a warm (moist) southerly

tlow ahead of the cold front. It is evident that the two air currents converge along the front,

suggesting the important role of the frontal lifting in the initiation of deep convection about

6 h later. Furthermore, it is found that the prefrontal environment is conditionally unstable;

it has convective available potential energy (CAPE) of - 2000 J kg- l (not shown). At the

midlevel, a large-amplitude baroclinic trough corresponding to the surface front is present

(see Fig. 6.3), with the base of the trough located just upstrearn of the PRE-STORM

network (i.e.. over Kansas and Oklahoma). Note that the midlevel tlow associated with

the trough is nearly equivalent barotropic, whereas the tlow ahead of the trough is ncarly
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barotropic (i.e., having !iule gradient). This indicates that further destabilization of the

prefrontal environment due to cold advection. as discussed in Hobbs et al. (1990). is not

likely to occur in the present case. For additional details on the environmental conditions.

the reader is referred to Trier et al. (1991).

3. Model verification

Before examining the variable internai structures of the 26-27 June PRE-STORM

squall!ine, it is importantto ensure thatthe RFE model could reproduce reasonably weil

the basic structure and evolution of the system as verified against all available observations.

In this section. radar summaries. rawinsonde observations. Doppler data. satellite imagery

and surface analyses are used to help validate the model prediction and describc the general

evolution of the squall system. In the next, we will verify first the prediction of surface

features. including precipitation. area of convection, sea-Ievel pressure and tempcrature

fields, and then investigate the predicted tropospheric structures of the squall system.

a. Suifacefeatures

Il is found that the squall \ine was initiated ahead of the surface cold front ovel'

Nebraska and Kansas at about 1800 UTC 26 June (not shown). Then, as the daytime

boundary layer developcd, the convective activity expanded rapidly north- and southward

along the front, leading to the generation of a long and intense !ine of deep convection that

extends l'rom Texas to Lake Superior by 0000 UTC 27 June (sec Figs. 6.4a and 6.5a).

Precipitation also occurred bchind the convective !ine over South Dakota, which was
~

associated with the lower-Ievel stratiforrn cloudiness visible in satellite imagery (cf. Figs.

6.4a and 6.5a). At 0600 UTC 27 June. the convective activity in the southern portion of

the squall!ine, i.e., that was located over the PRE-STORM network, bcgan to dissipate but

still remained weil organized (see Figs. 6.4b and 6.5b). In contrast, the northem portion

of the convective system became disintegrated. There was also a large area of stratiforrn
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Fig. 6.1 Portion of the 195 x 185 hemispheric variable grid mesh projected on a polar
stereogmphic plane. The heavy rectangle indicates the central uniform high-resolution
domain of 25 km with the grid size increasing by a constant outward.
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Numerics

Ph)'sics

TABLE 6.1. Summary of the mcsosca!e BEE mode!

• 3-0, hydrostatie, primitive equations;

• semi-implicit time discretization;

• semi-Lagrangian scheme for three-dimensional advection (time step: 300s);

• linear finite-elements in (x,y,cr);

• variable horizontal resolution grid overlaid on a polar

stereographie projection (25 km in fine grid);

• 19 cr levels with high resolution in the lowest ISO hPa;

• second order horizontal diffusion for temperature, vorticity, and

divergence;

• 0.50 orography field.

• Planetary boundary layer (PBL) bascd on turbulent kinetic energy;

• diagnostic PBL height;

• implicit venical diffusion;

• surface energy budget based on force-restore method;

• diurnal cycle with solar and infmred !luxes at the ground

modulated by c1ouds;

• infmred and solar radiation fluxes calculated at allievels;

• diagnostic cloud cover;

• Fritsch-Chappell scheme for parameterized moist convection;

• explicit moisturc scheme containing prognostic equations for

cloud water/ice and rainwaterlsnow.
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1 5 m s·1

Fig. 6.2 Model initial conditions: sea-Ievel pressure (solid, evell, 2 hPa) superposed with
the surface wind vectors and temperature (dashed, every 4 C) at 1200 UTC 261une
1985.

\0 m s·1

Fig. 6.3 As in Fig. 6.2 but for geopotential height (solid, every 6 dam) and temperature
(dashed. every 4 OC). superposed with horizontal wind vectors. at 500 hPa.
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Fig. 6.4 Left panel shows radar summary charts at a) ooסס UTe; and h) 0600 UTe 27
June 1985. Right panel shows the predicted grid-scale (dashed) and convective
(shaded) rainfall rates with contours of 1. 5 and 10 mm h- I from c) 12-h and d) 18·h
integrations.
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Fig.6.5 Satellite imagery al a) 0000 UTC; and b) 0600 UTe 271une 1985.
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• precipitation to the rear of the disintegrated portion of the squall system over North and

South Dakotas (Figs. 6.4b and 6.5b).

As compared to the observations. the model predicts weil the initiation of the squall

line at nearly the right time and location (not shown). The predicted distribution and

orientation of convective activity along the squallline compare favorably to the radar-echo

summaries and satellite imagery during both the formative and mature stages (cf. Figs.

6.4a-d and 6.5). In particular. the model also prediets weil the disintegration and

maintenance of the squall system at its respective northem and southem segmenL~ at 0600

UTC 27 June. Most of the precipitation is convective in both the prediction and

observations (Figs. 6.4c,d). Only at later stages the model produces two trailing stratiform

regions: one over Minnesota and the other over Oklahoma. which conform reasonably weil

to the observed (cf. Figs. 6.4b. 6.4d and 6.5b).

Marked changes have also taken place at the surface during the past 18 h. except for

• the high pressure zone over Wyoming which was nearly quasi-stationary. First. a pressure

ridge. extending l'rom the high-pressure zone to southcastern Oklahoma. was generated as

a consequence of the formation of the squall system. This ridge split the frontal trough into

two parts: one as the original mesolow being pushed northeastward and the other formed as

a presquall mesotrough to the southem end of the squall system. As will he shown. this

ridge coincided with a stronger RTF descending flow in the midtroposphere. Second. the

squall line left hehind an intense cold outflow supcrposed on the cold front, which was

more obvious during the daytime to the south of the surface mesolow. Evidently, this

evaporatively driven cold oulllow helpcd accelerate the movement of the squall line,

particularly for the southem convective segment which propagated at a speed (i.e., 9 m s-I )

much l'aster than ils northem counterpart (i.e., 4 m s-I). By 0600 UTC 27 June, the

southem squallline had traversed the PRE-STORM network.

A comparison between Figs. 6.6a-b and 6.6c-d indicates that the RFE model

• reproduces reasonably weil the main surface features during the early and mature stages
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Fig. 6.6 Left panel shows sea-Ievcl pressure (soUd, every 2 hPa) and surface temperature
(dashed, every 4 OC) at a) 0000 UTC; and b) 0600 UTC 27 June 1985. Right panel
shows the corresponding fields from c) 12-h; and d) 18-h integrations. Shadinis
show the predicted convective rainfall rates with contours of l, 5 and 10 mm h- .
Cold frontal symbols with double dots indicate outflow boundaries.
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• (Le., at 12- and 18-h integrations), such as the low- and high-prcssure centers over Iowa

and Wyoming, the presquall mesolrough and cold oulllow boundary. The orientation and

propagation of the squall front. produced by parameterized moist downdrafts in the FC

scheme, are rcasonably captured by the model (sec Fig. 6.6c). However, the predicted

squall front exhibits a liUle weaker intensity than the observed at the formative stage. This

has caused slightly slower movement of the squall system. especially for the southern

segment of the squall system. This weaker intensity occurs because the RFE model

underpredicts the development of the daytime boundary layer ahead of the front, namely.

the surface temperature is 3 - 4 oC colder than the observed.

It should he mentioned that there are several notable deliciencies with the IR-h model

prediction. For example, the model appears to have delayed the precipitation production

over Arkansas by 6 h; similarly for the precipitation over North and South Dakotas (see

Fig. 6.4). The model is also unable to reproduce some too small-scale features. such as the

• multiple convective lines and their associated pressure perturbations ahead of the surface

front (see Trier et al. 1991). due to the use of relatively coarsc grid resolution and impcrfect

initial conditions. Nevertheless. the above resull~ show that the model prediction captures

reasonably well the main features of the squall line, and could therefore bc used to

investigate non-observable structures of the system and the mechanisms that are

responsible for the along-line variability of the squall's internai circulations.

•

b. Tropospheric structures

80th observational analyses of Trier et al. (1991) and Lin and Johnson (1994)

indicated the development of sorne typical mesoscale structures of squalllines during the

mature-to-dissipating stages, such as a stratiform region, a rear innow jet and a midlevel

mesolow. The Doppler radar analysis by Trier et al. (1991) showed that a well-developcd

couplet of the FTR and RTF currents occurred as carly as 0000 UTC 27 June (see their

Fig. 21). Similar now structures were also detected by the PRE-STORM upper-air

sounding network. but at later times (see Figs. 4 and 9 in Lin and Johnson 1994). A
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vertical cross section taken along a line similar to that given in Trier ct al. (1991) and Lin

and Johnson (1994) shows that. although the scales of the observed and predicted

circulations arc different. the basic two-dimensional circulation structures of the squall

system are weil captured by the RFE model (see Fig. 6.7). A strong FTR ascending f10w

occurs within a deep. nearly saturated layer from the leading convective line to the trailing

stratiform region; its trailing segment at upper levels extends rearward a few hundreds of

kilometers. Il is found that this nearly saturated region is distributed with negative moist

potential vorticity (MPY) (not shown). This implies the presence of moist symmetric

instability. which dcvelops as· a result of transporting potentially unstable air from the

presquall boundary layer. after bcing relieved by upright convection at the leading line. into

the FTR sloping ascent region. a process as describcd by Zhang and Cho (1992). Beneath

the stratiform c1oudiness. a system-relative RTF current with a maximum speed of 12 m s­

I transports extremely dry air (with minimum relative humidity < 10%) in the midlevels

into the system. thereby causing intense sublimative/evaporative cooling and descending

near the leading edge of the current. This cold downdraft air penetrates into the boundary

layer at the leading edge of the squailline. forming the surface squall front at which strong

convergence occurs between the FTR and RTF currents. In sorne cases. like in the June

10-11 squall system. mesolows may form at the back edge of the stratiform region, when

adiabatic warming associated with the RTF descending f10w exceeds diabatic cooling (see

Johnson and Hamilton 1988; Zhang and Gao 1989). In the present case, however, both the

prediction and observations show a mesoridge or a weak mesohigh bchind the system (see

Figs. 6.6c.d), indicating that diabatic cooling within the RTF descending current

dominates. The development of the wake lows appears to depend on the intensity of RTF

descending f1ow, temperature lapse rate and moisture content in the lower troposphere, the

propagation of the squall system. as weil as the intensity of large-scale baroclinicity.

Figure 6.8 compares the predicted geopotential heights and horizontal winds at 700

• hPa to the observed during the system's mature stage. It is evident that the RFE model

123



5 Pa s·1 4 30 m s-I1 1

100 km
1000. A

150. ~~--------=--........_
225.

~ 315.e405. [:::;;:;:j~
='"~ 5U5•..
g" 8eo.

BOO.

•

Fig. 6.7 Vertical cross section of relative humidity (solid lines. every 10 %) and
precipitable water boundaries (> 0.1 g kg- I). superposed with line-normal relative
flow veetors. taken along !ine 'A' given in Fig. 6.4d. from IB-h integration LeUers
'D'and 'M', indieate dry and moist eenters. respeetively. .•
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Fig. 6.8 Horizontal maps of 700-hPa geopolential heighl (so!id. every 2 dam) from a) the
observations. superposed with horizontal winds (a full barb is 5 m s·l) and radar
echo at 0600 UTC 27 June (Courtesy of S. Trier); and b) 18-h inlegration,
superposed wilb wind vectors and grid-seale (dashed) and I;onvective (shadings)
rainfall rates wilb conlours of 1and 5 mm h· l. The dashed !ines denolC height trough
axis. Note Ibat the height values are excess over 300 dam (i.e., 12 =312 dam).
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captures weil two seales of circulations. i.e., a large-seale trough. in which the squaU

system is embedded. and a mesolow in the trailing stratiform region of the system. Their

orientations and relative locations are reasonably reproduced. Lin and Iohnson (1994) also

noted the development of such a midlevellow-pressure zone during the mature stage. As

will be discussed in the next two sections. these lWO seales ofcirculations have significant

implications with respect to the along-line variability of internai tlow structures and weather

conditions along the squaliline.

For the sake of later discussion. it is necessary to separate the mesoscale from the

large-scale signais and determine the relationship between the squall development and the

mesoscale pressure disturbances. These can be achieved by applying a simple scale­

separation technique similar to that utilized by Maddox (l980b) to the height and

temperature fields. First, the lWO fields are spatially filtered on two horizontal grid meshes

with different resolutions (i.e.• see filters 1 and 2 in Fig. 6.9). The low-resolution grid

mesh (filter 2) only represents disturbances with wavelengths longer than 500 km (i.e.•

large-scale). whereas ail the wavelengths greater than ISO km (i.e., mesoscale and large­

seale) are included on the high-resolution grid mesh (filter 1). Then, a band-pass filter is

oblained by subtracting the results of flller 2 from filter 1. thus yielding the characteristics

of convectively generated perturbations on the scale of 150-500 km. It is clear from Figs

6.l0a,b that this seheme isolates weil the vertical structure of mesoseale perturbations in the

vicinity of the squall system from the large-scale circulations. There are a midlevel

mesolow and an upper-Ievel mesohigh associated with the squall system; they are centered

at locations where convergence and divergence are maximized. respectively. Apparently,

the midlevel mesolow is hydrostatically produced by net warming in the FrR ascending

tlow and evaporativelsublimative cooling in the RTF descending tlow. with its center

situated at the interface between the warming above and cooling below, as has also been

found by Zhang and Gao (1989). In contrast, the upper-level mesohigh is produced by the

net adiabatic and parameterized detrainment cooling above the intense updrafts and the net
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warming below. Such an upper-Ievel mesohigh has been frequently observed (e.g.,

Fritsch and Maddox 1981a; Fritsch and Brown 1982; Maddox et al. 1981; Gallus and

Johnson 1992), and simulated by other numerical models (e.g., Fritsch and Maddox

1981b; Gao et al. 1990). This feature can also be seen from the analysis of Lin and

Johnson (1994).

Finally, the vortical structure of the squall line is presented in Fig. 6.11, which

depicts the development of a deep rearwardly tilted cyclonic vorticity zone along the

interface between the FI'R and RTF flows. This vortical zone coïncides with the vertically

tilted pressure trough that extends from the surface to 350 hPa (cf. Figs. 6.10a and 6.11).

This vorticity concentration, moslly related to horizontal shear, is generated initially

through vortex SlrelChing in the frontal zone where both cyclonic vorticity and convergence

are strong. As the squall system intensifies, the FI'R-RTF flow convergence increases,

particularly at midlevels, causing the rapid spin-up ofcyclonic vorlicity near 500 hPa. This

development mechanism appears to differ from that which occurred in other squall-line

cases, such as the June 10-11 squall system, in which midlevel mesovortices are initiated

by tilting of horizontal vorticity at the back edge of a stratiform region (e.g., Biggerstaff

and Houze 1991b; Zhang 1992). This difference appears to be attributable to the important

role of the frontal forcing in determining the internai vorlicity structure of the squall system.

Nevertheless, the tilting of horizontal vorlicity contributes to the intensification of a lower­

level anticyclonic/cyclonic vorticity couplet in the stratiform region (see Fig. 6.11), a

process similar to that discussed in Biggerstaff and Houze (199 lb) and Zhang (1992).

4. Along.Une varlablllty due to large·scale circulation

We have shown that the southern segment of the squall system, i.e., over the PRE­

STORM network, contains many meso-~-scale structures that are similar to those in the

conceptual model of midlatitude squall lines (Houze et al. 1989). In this section, we

investigate whether or not these classical structures would appear at other portions of the

squallline, and then clarify the role of large-scale circulation in determining the along-line
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variability of the squall's internai structures. The effect of convectively generated

disturbances will be discussed in the next section.

To examine the relationship between the large-seale circulation and the generation of

a1ong-Hne variability, Fig. 6.12 compares the two-dimensional circulations at the southern

segment of the squall system to those at the northern segment during the early stages of the

system (i.e., from 12-h integration). One can see that the prestorm environment is

potentially unstable everywhere ahead of the cold front with higher-ge air in the lowest 100

hPa. This is consistent with the rapid expansion of deep convection a10ng the Hne during

the stage. However, the two-dimensional circulations in the northern segment differ

significanlly from those in the southern one. Specifically, the southern squall system

exhibits an RTF descending current that transports midlevel lower-ge air downward into

the boundary layer, whereas in the north there is Htlle eviden.:e of the RTF flow. Instead,

there are two FTR ascending flows that transpon boundary-Iayer high-ge air upward: one

a10ng the frontal zone into the middle troposphere and the other through deep convection

into the upper levels. These flow structures conform more or less to the development of

more extensive, mixed middle and upper-Ievel stratiform clouds in the north (see the

satellite images in Figs. 6.5a,b). In contrast, the stratiform clouds developed in the south

only appear in the upper troposphere. Hke those described in the Houze et al. (1989)

conceptual model. Funhermore, the upward motion at the southern convective Hne is more

intense than that in the nonh, likely due to the presence of stronger low- to midlevel

convergence associated with the elevated RTF flow. In the next, we discuss separately the

mechanisms that are responsible for the generation of these different two-dimensional

circulation structures.

a. The RTFdescendingj10w in the southem segment

Rear inflow jets have been the focus of considerable researeh in recent years (e.g••

Smull and Houze 1985,1987; Rutledge et al. 1988; Zhang and Gao 1989; Schmidt and

Cotton 1990; Zhang 1992; Weisman 1992), Much, however. remains to he understood
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aboul the mechanisms by which they are generalCd. Smull and Houze (1987) hypothesized

• lhal lhe rear inflow jel could be generalCd by lhe forward acceleration associated wilh a

convectively-induced midlevel mesolow (on lhe meso-~-seale) in tile stratiform region. and

lhen by a hydrostalic pressure fall undernealh warm convective updraflS (on lhe meso-y­

seale) in lhe leading conveclive region. Lafore and Moncrieff (1989) argued lhallhe rear

inflow jel may resull from an RTF acceleralion associaled wilh a forward pressure-gradienl

force al lhe rear of lhe stratiform region (see also Weisman 1992). Schmidt and COllon

(1990) proposed thatlhe rear inflow jet could be a result of lhe downward deflection and

channeling of an ambient RTF f10w by convectively generated divergent oUlflow at upper

levels. It is possible lhal several of lhe above mechanisms may operalC togelher. Zhang

and Gao (1989) showed lhat an upper-Ievel jet stream could provide a favorable RTF

componentto iniliate the rear inflow, which is then accelerated forward by a midlevel

mesolow and downward by cold downdraflS.

Now let us examine if any of the aforemenlioned mechanisms could account for lhe

produclion of lhe rear inflow jet in the presenl case. First, the midlevel mesolow

mechanism does not appear to be significant during lhe early stage, since it does not

becorne evident until lhe mature stage. However, the strong RTF flow at upper levels

suggeslS lhal lhe "blocking" mechanism may acl at lhis stage, since lhe upper-Ievel RTF

f10w couId be slowed down and deflected downward by lhe divergent OUlfiow as

approaching the squall system (see Fig. 6.12a). To isolalC lhe convective "blocking" effect

from the large-scale circulalions, a sensitivity experiment is conducted, in which neilher

cl1nveclive nor grid-scale condensalion were included (Exp. DRY), while keeping ail other

physical paramelCrs idenlical to the control integralion (Exp. CTL). Wilhout the forcing

from the diabatic healing. the model almospheric circulations are only dominated by

advective processes. Figure 6.13 compares the vertical circulations and relalive f10w

nornlal to lhe \ine between Exps. DRY and CTL. Clearly, an RTF currcnt wilh lhe seale

• and deplh similar to those in Exp. CTL is also present in Exp. DRY. Of particular
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importance is that the basic fiow structures between the two runs only differ at the upper

and lower levels in association with the respective convectively-induced divergent outfiow

and cold descending fiow. This indicates that the present rear infiow jet during the early

stage does not result from any mesoseale processes, such as the "blocking" of an upper­

level RTF ambient fiow. or acceleration by a midlevel mesolow. Rather, a significant

portion of the elevated rear infiow jet is a manifestation of the large-scale RTF fiow

component (see Fig. 6.13b).

Thus, it is evident that examination of the large-seale fiow should help reveal why an

RTF current occurs in the southem segment of the squallline but not in its northem part.

Figure 6.14 shows that the squallline is actually embedded in a large-scale fiow with a

pronounced cyclonic circulation associated with the midlevel baroclinic trough and an

anticyclonic circulation ahead (also see Fig. 6.3). lt is apparent from this fiow

configuration that the pre~ence of midlevel RTF fiow depends on the location and

orientation of a squallline with respect to the large-seale curved fiow. In the present ca.w,

the RTF 110w tends to be stronger in the southem portion of the squall system (i.e., near

the base of the trough), whereas an intense FTR Ilow should be expected in the northem

segment (i.e., near the interface between the cyclonic/anticyclonic circulations). It should

be mentioned that because of the length seale and relative position of the squall line with

respect to the large-seale cyclonic vorticity center, a midlevel mesovortex is not generated

near the nonhern end of the squallline, which is presumably a preferred location for the

development of mesovortices, according to Zhang (1992) and Skamarock et al. (1994).

b. The FTR ascending j101VS in the nol'1hel7l segment

As can be seen from Figs. 6.12b and 6.14, the shallow FTR aseending l10w in the

northern segment of the squall system results from the overrunning of the large-seale

south-to-southeasterly 110w along the cold frontal zone. Despite the presence of a deeper

and stronger frontal forcing in this region, as indicated by strong gradients in moist

isentropes. the grid-seale upward motion is very weak compared to that in the south (cf.
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Figs. 6.12a,b). This appears to be mainly due to the lack of appreciable convergence

associated with a rear inflow jet, since the prefrontal environment does not seem to differ

considerably from that in the south (see Figs. 6.6 and 6.12). As a result, the upper-Ievel

warming and lower-Ievel cooling, as shown for the southem segment in Fig. 6. lOb, are

weak, so is the convectively induced midlevel low-pressure zone (see Fig. 6.8). More

significantly, these different circulation characteristics seem to account for the development

of different weather conditions, namely, the well-organized, long-lived deep convection.

and upper-Ievel stratiform c10udiness in the south versus the shorter-lived deep convective

activity and two possible layers (i.e., at middle and upper levels) of stratiform c10udiness in

the north of the squall system. In particular, the northem stratiform precipitation appe2.rs to

develop in a process different from the upper-Ievel stratiform region that occurred in the

southem squall system, although they both take place in FTR ascending flows.

According to Zhang and Cho (1992), the slantwise nature of the FTR ascending flow

suggests that moist symmetric instability (MSI) may be operative in the development of the

stratiform precipitation in the north. Thus, MPV could be used as a dynamical variable to

diagnose the presence of MSI. It is defined as

MPV =.l {a90 (aw _av) +a90 (au _aw) +a90 (av _au + f)} (6.1)
P an as az as az an az an as

where n and s, respectively, indicate the directions normal and parallel to the squaliline.

Two-dimensional theoretical studies show that MSI occurs in saturated regions with small

or negative MPV (e.g.• Benncus and Hoskins 1979; Moore and Lambert 1993); this

instability is conditional when the atmosphere is subsaturated. Il is evident from Fig. 6.15

that both FTR ascending flows occur in nearly saturated layers with small or negative

MPV: one in the upper troposphere, Iike that which occurred in the south. and the other

above the frontal zone (cf. Fig. 6.12b and 6.15). This indicates the presence of moist

symmetric instability in the two FTR flows, which occurs as a result of transporting the

• potentially unstable air from the prefrontaI boundary layer into the sloping flow. where
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lifting to saturation occurs and the potential instability is released at the leading line

(through parameterized convection). The transport of negative MPV in the deep FTR

ascending f10w is similar to that in the June 10-11 squall system (see Zhang and Cho

1992), whereas the negative MPV transport along the frontal zone resembles that deseribed

by Knight and Hobbs (1988) and Zhang and Cho (1995), except thatthcre is a continuous

supply of negative MPV in the present prefrontal boundary layer. Note thatthis transport

process has caused the generation of weak potential instability above the frontal zone.

mostly due to the increased moisture content. Although it is not possible to verify this

phenomenon owing to the limited resolution of observations, it has been noticcd in other

midlatitude frontal precipitation cases (e.g., Herzegh and Hobbs 1981; Parsons and Hobbs

1983). These two layered cloudiness suggest that the precipitation in the lower-Ievel c10uds

May involve "seeding" from above by ice particles (Cunningham 1951; Herzcgh and

Hobbs 1981).

c. Discussion

The above results clearly show that the large-scale circulations could play an

important role in governing the squall's internai structures at different portions of the

system, especially in the formation of low- to midlevel rear inflow and FTR f1ow. For a

similar reason, the extent of upper-Ievel FTR outflows wouId also depend on the

orientation of a squallline wilh respectto a large-scale f10w aloft and the intensity of the

large-seale tlow. The presentlinding of the large-seale control is significant, since previous

slUdies have shown the important roles ofelevated rear intlow jets and FTR ascending tlow

in determining the development and distribution of precipitation and surface phenomena

within a squall system (see Thorpe et al. 1982; Rotunno et al. 1988; Weisman 1992; Davis

and Weisman 1994). Specifically. the presence of an elevated and deseending rear inflow

jet appears to help increase mesoscale convergence or vertical motion (i.e., both updrafts

and ùowndrafts), frequently leading to the concentration of cydonic vorticity and to the

development of surface wake lows and "gust" winds (Smull and HOU7.e 1985, 1987;
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Fig. 6.13 Vertical cross sections of line·normal relative flow (every 2.5 m s-l),
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Fig. 6. j 6 Horizontal map of 500·hPa streamlines of relative Oow from 18·h integration.
Leller, 'L', indicates the position of the mcsolow.
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Johnson and Hamilton 1988; Rutledge et al. 1988). whereas the FrR ascending f10w is

oCten corrclaled with the fonnation of trailing stratifonn precipitation (Zhang and Gao 1989;

Biggerstaff and Houze 1991a). Therefore, if high-resolution operational models could

predict reasonably weil the development of squalllines with respect to tropospheric large­

seale or short-wave disturbances, a significant improvement in quantitative precipitation

forecasts and severe weather wamings could be achieved. In fact, a Iiterature survey of

observational studies reveals that an inlense rear inflow jet occurs frequently in squalllines

in coincidence with a favorable larger-seale circulation. For example. rear inflow jets have

been observed near the base of deep mid- to upper-Ievel troughs (e.g., Ogura an~ Liou

1980; Chang et al. 1981; Kessingeret al. 1987), midlevel short-wave troughs (e.g., Leary

and Rappaport 1987; Johnson and Hamilton 1988), in easterly wave troughs (e.g., Zipser

1969; Houze 1977), and in regions of midlevel westerly f10w (e.g.• Fankhauser et al.

1992). It is interesting to note, however, that Rasmussen and Rutledge (1993) analyzed the

development of a rear-innow jet in a squallline without any larger-scale support. Although

numerous modeling studies have shown the generation of rear inflow jets without explicit

large-scale support (e.g., Lafore and Moncrieff 1989; Weisman 1992), the Rasmussen and

Rutledge result appears to be attributable to their (Doppler) observational coverage that is

too small to show the raie of the larger-scale now in the development of the rear innow jet

S. Along.lIne varlabllity due to mesoscale circulation

As previously shown, there are two scales of circulations affecting the along-Iine

variability of the present squall system: the baroclinically driven large-scale and the

convectively generated mesoscale disturbances, particularly during the mature stage (see

Fig. 6.8). [Note that the inlluence of convective (meso-y)-scale processes could not be

addressed herein due to the use of relatively coarse grid resolution and hydrostatic

assumption.) Thus, in this section we focus only on the along-Iine variability of the

squall's circulation due to the convectively-induced midlevel mesolow and upper-Ievel
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mesohigh, although the large-scale flow always exerts an important influence on the

• structure and evolution of the squall system.

It is evident from Fig. 6.16 that corresponding to the midlevel mesolow, there is an

elongated zone of confluence (or convergence) between the FfR and RTF flows that is

superposed on the large-scale cyclor.ic flow in the trailing stratiform region. Moreover,

streamlines exhibit greater curvatures in the vicinity of the mesolow, indicating the

generation of three-dimensional meso-ll-scale structures associated with the squall

convection. To help gain insight into the relationship between the mesolow and the

generation of the three-dimensional structures, horizontal momentum budgeL~ at 500 hPa

are calculated with the following Lagrangian momentum equation

dV':= _f kx Y. -IV4jl + f kxël
dt

(6.2)

•

•

-where v' is the horizontal wind vector relative to the squallline, fis the Coriolis parameter,

k is the unit vector in the vertical direction, 4jl is the geopotential height, and ë is the

propagation vector of the squallline. Eq. (6.2) represents a horizontal force balance among

the inertial acceleration, the Coriolis force and the pressure gradient force (PGF) in the

framework relative to the squallline. Note that the term, fkx ë, has been included in the

PGF calculation because of the use of the system-relative framework. Note also thatthe

effect of numerical diffusion has been neglected in Eq. (6.2).

Figure 6.17 presents a SOO-hPa map of geopotential hcights and a few system­

relative streamlines taken from Fig. 6.16, supcrposed with force-balance diagrams at sorne

seleclCd points in the vicinity of the squailline. The basic flow patterns at 500 hPa resemble

those at 700 hPa (cf. Figs. 6.8b and 6.17), except that the convectively generated

mesohigh becomes more evident at higher levels (see Fig. 6.lOa). One can see that air

parcels far behind the squall line (e.g., at points 1 - 3) arc influenced liule by the

convectively-induced pressure perturbations; theyare almost in a geostrophically-balanced

state with the large-scale trough. However, the situation is quite different for air parcels
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closer to the mesolow. Specifically, these parcels are forced by POF ta accelerate into the

• low-pressure zone, while the Coriolis force tends ta detlect them rightward (e.g., at points

4 • 9). The rightward detlection is greater if the large-seale background tlow is stronger.

The net result is that the parcels in the large-seale RlF southwesterly (FIR southerly) tlow

are accelerated toward the south (north) of POF vectors, rather than along the "ectors,

leading to the contluence of streamlines along the mesotrough axis (cf. Figs. 6.16 and

6.17). Thus, a more intense RlF (FfR) tlow should be expected slightly ta the south

(north) of the mesolow. This reveals that the mesolow mechanism, proposed by Smull and

Houze (1987), is indeed operative during the mature stage, but the mechanism needs to

include the detlectional effect of the Coriolis force.

To further examine the along-Iine variability of the squall system due to the

convectively generated perturbations, Fig. 6.18 compares the relative flow and POF

nonnal to the line between three different cross sections around the midlevel mesolow. In

general, the magnitude of POF and the depth of convectively generated disturbances are

greater toward the south. As can be expected, most of the FfR and RlF accelerations

occur in the positive and negative POF regions, respectively; the larger the POF is, the

greater is the FfR and RlF acceleration. This is parlicularly true for the cross section

through the center of the mesolow (Fig. 6.18b). This result is consistent with the numerical

momenlum budget by Oao et al. (1990), who showed that POF provides important

contributions to the acceleration of both FfR and RlF tlows. However, the RlF tlow in

the southern cross section is stronger than that in the middle one (cf. Figs. 6.l8b,c), in

spite of the presence of smaller POF values in the region. As demonstrated in the force­

balance diagrams in Fig. 6.17, this is due partly to the detlection of the rear intlow and

partly ta the existence of large-seale support. On the other hand, it is not surprising that the

elevated RlF tlow is much weaker to the north of the midlevel mesolow (see Fig. 6.18a),

as has also been found by Zhang and Oao (1989)•

•
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5 m S-I h·1 -
Fig. 6.17 Horizontal map of SOO-hPa heighL~ (solid, every 1 dam) superposed wilh

streamlines of relative 110w (thick solid Iines) from l8-h integration. Force balances at
a few selected points are depicted. with the lelters, 'c', 'p' and 'a', denoting the....
Coriolis (i.e., • fk x-;.), pressure gradient force (i.e., - V, -fkxê), and Lagrangian
accelerations (i.e., d~1dt), respectively. Shadings represenL~ the convective rainfall
rates with contours of 1and 5 mm h- l. Dashed lines indicate the orientation of the
mesoscale trough.
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While the mesolow mechanism is operative during the mature stage, it is unclear

how significant il is, as compared to the large-seale support. Thus, the net (Le., direct and

indirect) effect of the squall convection needs be isolated from that associated with the

large-seale circulation by subtracting the Une-normal f10ws in Exp. DRY from those in

Exp. CTL. Il is evident from Figs. 6.19a,b that when coupled with vertical motion, the

squall convection couId induce, without any large-scale support (e.g., Lafore and

Moncrieff 1989; Weisman 1992),the typicaltwo-dimensional f10w structures, such as the

overturning ascending f10w at the front, an FTR penetrative f10w into the upper-Ievel

trailing stratiform region and an RTF f10w down to the surface. However, the seale of the

convectively generated RTF f10w component (- 200 km) is much shorter than that

associated with the large-seale fIow (cf. Figs. 6.13 and 6.19). This provides further

evidence on the seale interaction involved in the development of rear inflow jets as found

by Zhang and Gao (1989). Il is also evident that both the convectively generated FTR and

RTF fIows in the southern cross section are stronger than those in the north, due to the

presence of more intense PaF associated with the mesohigh and mesolow. In addition, the

differenced FrR f10w becomes more slantwisely distributed and the upper portion of the

overturning fIow diminishes as the cross section is shifted northward (Fig. 6.19a). This is

because the large-scale fIow tends to govern the two-dimensional structure of the squall

system to the north, as previously mentioned.

6. Summary and conclusions

ln this study, an improved research version of the RFE model has been used to

investigate the along-Une variability of vertical circulation structures of a frontal squallUne

that occurred during 26-27 June 1985 PRE-STORM. This version of the RFE model is

similar to that used operationally at CMC except for the use of a high-resolution grid length

and different treatments of subgrid and grid-scale condensation. It is shown that the model

reproduces reasonably well a number of basic surface features and tropospheric fIow

structures, as verified against available network observations. These include the initiation,
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propagation and disintegration of the squall system. surface pressure penurbations and cold

outflow boundaries. a midlevel mesolow and an upper-Ievel mesohigh. an FrR ascending

f10w overlying an intense RTF f1ow, and a leading convective line followed by stratiform

precipitation regions.

Il is found that the vertical circulations at the nonhern segment of the squallline differ

substantially from those at its southern segment. In particular, the classical squall-Iinc

structures that appeared in the southern segment do not develop in the nonhern portion of

the squall system, such as the rear inflow jet, the midlevel mesolow and surface pressure

and temperature penurbations. Instead. there are two FTR f10ws that are bifurcated at the

leading squall front: one transports the boundary layer high-8eair into the upper levels and

the other along the frontal zone into the midtroposphere. This appears to help generate

trailing stratiform clouds in the lower and upper tropospheres.

To investigate the scale interaction involved in the development of the along-Iine

variability, a scale separation technique is applied to the control integration and a

comparison with a "dry" simulation is conducted, in which ail moist convective processes

are turned off. 80th the scale analysis and the comparison between the control and "dry"

integrations reveal that the along-Iine variability of the system's internai circulations results

primarily from the interaction of convectively generated pressure perturbations with a

midlevel baroclinic trough, as depicted in the conceptual model shown in Fig. 6.20. This

conceptual model shows that the squall's vertical circulation structures depend on the

location and orientation of the squall line with respect to the large-scale trough and the

mesoscale disturbances. Specifically, the large-scale trough provides an extensive RTF

f10w component near its base (i.e., in the southern segment), and a favorable FTR f10w

component in the northem portion of the squall system (see Fig. 6.20a). This large-scale

contribution to the along-line variability is especially significant during the system's

formative stage. In contrast, convectively-induced mesoscale disturbances tend to

determine the internai circulations of the squall system in the south during the systern's
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mature to dissipating stages (see Fig. 6.20b). In panicular, the midlevel mesolow and

• upper-Ievel mesohigh help accelerate the rear inflow jet and the divergent FfR outflow in

the trailing stratifonn region. It has been demonstrated through force-balance diagrams that

the rear inflow jet tends to be more intense to the soutll of the mesolow, rather than near the

center of the mesolow, due to the deflectional effect of the Coriolis force. This enhanced

RTF f10w increases the convergence and upward motion in the low-to-mid troposphere,

thus leading 10 the development of more intense and longer-Iived convective system in the

southern segment of the squall system.

In conclusion, we may state that the vertical circulation characteristics at difCerent

parts of a midlatitude squaliline are dependent on the interaction ofconvectively generated

mesoscale disturbances (e.g., mesolows and mesohighs) with large-scale circulations

(e.g., baroclinic troughs, easterly waves and jet streams). The classical two-dimensional

structures may only develop at certain, but not ail, portions of midlatitude squalllines. In

particular, the rear inflow component, that is oCten correlated with organized convective

developmenl, vorticity concentration and trailing stratifonn precipitation, tends to be more

intense to the south of a midlevelll1oenl,_ov and near the base of a large-scale trough. In

other cases, the rear inflow and upper-level FfR outflow may not develop, depending

upon the distribution and orientation of the squallline with respect to its larger-scale f10w

and the intensity of the large-scale f1ow. Although the above conclusions are only drawn

from a single squall-Iine study, they are more or less supported by previous studies of

midlatitude squall Iines. Hence, these results have important implications as to the

improvement of warm-season quantitative precipitation forecasts and severe weather

warnings by operational numerical w~ather prediction models, liIec the one used for the

present sludy, since more intense .neso-p-scale circulations in these MCSs are associated

with m~so-a or larger-scale disturbances.
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Fig. 6.20 Schematic representation of the influences of a) large-seale and b) mesoscale
circulations on the internai flow structure of the squallline. The midlevel geopolCntial
heights (thick solid Iines) and relative flow vectors are shown. The location of the
squaliline (thick cloud line) and the trailing stratiform region (thin dashed line) are
also indicated. Letter. 'L'. shows the position of the midlevel mesolow.
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Chapter 7

Summary, conclusions, and recommendatlons

7.1 Summary and conclusions

In this thesis. a research version of the Canadian RFE model is used to investigate

the internai structures and evolution of midlatitude squall !ines. As a fust part of this

project. the FC convective scheme and the explicit moisture scheme containing cloud

water (ice) and rainwater (snow) are incorporated into the model. The capability of this

improved model in predicting the development of midlatidude squall Iines is tested with a

weIl·documented case that occurred during 1O·111une 1985 over the PRE·STORM

observational network. Then, the model is used as a tool te:> examine the meso·p·scale

structure and evolution of two other squaII !ines, namely. the one that was associated with

the 141uly 1987 Montreal flood, and the other that occurred during 26-27 lune 1985

PRE·STORM. The main results are summarized as follows.

This study demonstrates that the improvement in the operational quantitative

precipitation forecasts and severe weather wamings is possible if realistic model physics.

reasonable initial conditions, and high resolution are used. It is found that although the

use of high horizontal resolution helps improve the timing and location of the convective

development. appropriate physics representations must he incorporated in order to

reproduce various types of meso.p,scale circulations and their associated precipitation.

These include parameterized moist downdrafts, expUcit representation ofcloud water (ice)

and ralnwater (snow). hydrostatic water 10ading. and boundary·layer parameterization. In

the fust sqUail-Une case. wOOn the Fe convective scheme and the expIicit moisture scheme

are simultaneously used. the model reproduces remarkably weIl the main features of the

10-11 lune 1985 PRE-STORM squall line. such as precipitation patterns. surface

mesohighs and mesolows. FTR ascending and RTF descending nows. and a cooling-
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induced midlevel mesovortex. In contrast. the model fails to reproduce these features

when either the Kuo or moist convective adjustment (MCA) schemes were utilized.

Furthermore. it is found that the MCA scheme tends to delay the initiation of the deep

convection. whereas the Kuo scheme removes too much moisture from the boundary

layer. thereby leading to an underestimation of the grid-scale precipitation. It is also

shown that poor resolution of mesoscale structures in the initial conditions could alter the

prediction of the structure and evolution of MCSs. In the present case. the use of a low­

resolution analysis leads to the development of a "cyclone-Iike" circulation in association

with the squailline. This case verification provides a basis to use the RFE modelto study

the internai structures and evolution of other squaillines or MCSs.

A second case of the squallline that occurred in association with the 14 July 1987

Montrealllood. is simulated to study the role of gravity waves in the development of the

prefrontal squailline. It is found that early convective activity is responsible for the

triggering of the gravity waves. These waves propagate over a long distance in a "phase­

locked" manner with deep convection. allowing the positive feedback between the

convective heatinglcooling and wave forcing to occur - a wave-CISK mechanism. Thus,

the continued convective heating/cooling tends to enhance the gravity waves, while the

gravity waves assist the organization of deep convection into a line structure. An

important finding of this case simulation is that the realistic prediction of the wave·

convection interactions depends on the use of an adequate convective parameterization.

When the Kuo convective scheme is used. the model triggers moist convection over a

mesotrough and fails to amplify a train of gravity waves interacling with deep convcction

during the mature stage of the system. In contras\, the model with the FC scheme

reproduces convective sctivity over the wave ridge due to the effcclS of parameterized

moist downdrafts. which is in agreement with the conceptual model of gravitYwaves.

A traillng stratiform rainband associated with the 14 July squall system is also

investigated. It is found that the rainband is dynamically forced by frontogenetical
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processes, and aided by the release of conditional symrnetric instability (CSI) and local

orographicallifting. The internai flow structure of the system is determined by the release

of latent heating in environments with different potential stability. It is found that the

parameterized and explicit cloud schemes account for the formation of the leading

convective line and trailing stratiform rainband, respectively. One of the roles of the

leading convection is to remove most of the potential instability, and thus limit the

development of the trailing stratiform precipitation.

Finally, the along-line variability of squalllines is investigated using the numerical

prediction of a third squall-line case that occurred during 26-27 June 1985 over the PRE­

STORM network. It is shown that the three-dimensionality of the internai flows of the

squaliline results from both large-scale and convectively-induced mesoscale circulations.

The venical circulation structures of the system are determined by the location of the squaII

Une with respect to a midlevel baroclinic wave trough. This wave provides an intense

midlevel RTF flow in the southern segment of the squall line and an FTR flow to the

nonh. It is shown that the along-line variability of the squallline at the formative stage is

mainly caused by the large-scale circulation. However, the situation is quite different at

the mature stages, when only the southern ponion of the system remains intense and weil

organized. This intense squallline is found to generate pressure perturbations superposed

on the large-scale flow, leading to the development of meso-lJ-scale variability. Il is

shown that the rear inflow jet is enhanced in the traiUng stratiform region, particularly to

the south of the midlevel mesolow and near the base of the trough. This rear inflow jet

increases the midlevel convergence and stratiform precipitation.

7.1 Recommendatlons

White the results of the present study are encouraging for the advent of operational

prediction of meso-lJ-scale structures and evolution of MCSs, more work is needed to
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improve the operational forecast of our daily weather. In particular, the following

research is highly recommended.

a) The improved version of the RFE model should be used to simulate other types of

summertime severe weather events, such as MCCs. However, the prediction of these

systems is an even more challenging task, since they normally occur in environments with

weaker large-scale forcing, in contrastto squall-Iïne systems. The use of more realistic

initial conditions that beuer resolve mesoscale flows, such as low-Ievel jets, moisture

tongues, and outnow boundaries, and more reasonable model physics, such as the

boundary-Iayer parameterization and convective triggering functions, could be the key

elements to obtain successful prediction of these systems (see Stensrud and Fritsch

1994a,b; Zheng et al. 1994).

b) The improved version of the RFE model should also be tested with other types of

weather systems, such as polar lows, coastal storms, tropical cyclones, etc. Work along

this line is currently under way at the Montreal mesoscale community.

c) The coupling between the FC and explicit moisture schemes could be improved by

a1lowing the implicit ~cheme to detrain cloud water (ice) and rainwater (snow) to the grid

scale, as proposed by Molinari and Dudek (1992) and Zhang et al. (1994). Furthermore,

the coupling between the model clouds and radiative processes could be improved due to

the introduction of the explicit moisture scheme into the RFE model.

d) The FC convective scheme could be improved by incorporating a reasonable

treatment of subgrid-scale momentum transport. Il has been shown that momentum

transport by meso-p-scale flows could have an important effect on the organization and

evolution of squall lines, due to countergradient flow transport normal to the Une and

downgradient transport along the Une.
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