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ABSTRACT 

A DIAG~OSTIC STUDY OF A MIDLATITUDE FRONTAL SQUALL LINE 

Heat, moisture and momentum budgets of a squall line that occurred in the central 

United States on 26-27 June 1985 are investigated throughout its developing, mature and 

dissipating stages. The slow propagating behavior of the squall line made the 26-27 June 

data set unique since it covers a large fraction of the squall line life cycle, much longer 

than previous diagnostic studies. Budget studies have been performed at six different times 

at time intervals of 90 minutes using OK PRE-STORM (Oklahoma-Kansas Preliminary 

Regional Experiment for STORM-Central) rawinsonde data. Secondary circulation forcing 

and frontogenetical/frontolytical effects are also computed to evaluate the importance of 

diabatic effects using diagnosed heating/ cooling distribut ions. 

The squall line was followed by a low-level cold front and was characterized by a 

narrow stratiform region and an intermediate asymmetric feature during the early stages. 

The flow pattern normal to the line was generally similar to previous squall line studies 

except that a low-level rear inflow associated with the cold front was superimposed upon 

expected squall line FTR/ RTF (front to rear/rear to front) flows . The midlevel RTF 

flow was quite weak well behind the squall line during the developing and mature stages 

and significantly strengthened during the dissipating stage, suggesting that the stratiform 

region plays an important role in RTF flow development. 

A convergence band resulting from system RTF and FTR flows extended rearward 

from low levels near the leading edge up to the rear of the system. During the developing 

and mature stages. peak convergence was located at low levels around the leading edge. 

At the dissipating stage. midlevel convergence behind the convective region intensified as 
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stratifonn region developed, while low level convergence near the leading edge gradually 

weakened. 

During the developing stage, a narrow vertical band of upward motion corresponding 

to a narrow convective line was present around the leading edge over Oklahoma. Moder-

ately strong corr:..pensating downward motion occurred behind and ahead of the system. 

A wide band of upwc.rd m tion was noticed over Kansas where stratiform and convective 

regions co-existed. The squall line became symmetric during its later stages. A low-level 

mesoscale downdraft developed as the stratiform region developed. Weak convergence and 

downward motion took place near tropospause above the squall line system. 

Both Q1 and Q2 showed tilted structure when the stratiform region developed, as 

did the w field. Dist inct profiles are found for the convective and stratiform regions 

respectively, similar to previous diagnostic results. The system-averaged heating peak Q1 

was located at middle levels between 500 and 550 hPa throughout the evolution. much 

lower than the 1( 11 June case. The moisture sink Q2 clearly showed the evolutional 

contribution from the convective and stratiform regions at different stages. A single drying 

peak, which resulted from the convective region. was evident at low levels around 700 hPa 

through most of the developing and early mature stages. Midlevel drying feature during 

the early stages may probably be induced by two possible mechanisms: (1) midlevel drying 

generated by the trailing stratiform region. and (2) vertical eddy transport of water vapor 

within the convective region. During the late mature and d·ssipating stages, a double-peak 

structure became very pronounced. suggesting that mixture of convective and stratiform 

drying may be the : ausal mechanism at these stages. At later stage, a single drying peak 

resulting from the Etratiform region was present at middle levels around 4 75 hPa. 

During the developing and mature stages, the squall line had little effect on the geopo-

tential height field. At t_ e late mature and dissipat ing stages, a pronounced mesoscale low 

was present within the stratiform region. It was also followed by a mesohigh. The couplet 

of the mesolow and mesohigh may explain most of the dramatic strengthening of the rear 

inflow at the back e:lge of the squall line during the dissipating stage. In the convective 

region. the line-normal ra omentum flux was generally negative, along with negative wind 
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shear present above 600 hPa, the momentum flux transport was upgradient throughout 

most of its evolution, consistent with other studies. In the stratiform region during the 

dissipating stage, the momentum flux became positive and the flux transport appeared to 

be downgradient. 

The contribution of diabatic heating/cooling effect to secondary circulation forcing 

and frontogenetical/frontolytical effects is investigated using diagnosed Q1 data. Different 

from "dry convection" cases, the contribution of the diabatic effect to secondary circulation 

forcing above the low-level cold front within the system was one order of magnitude larger 

than the geostrophic stretching deformation and geostrophic shearing deformation terms, 

suggesting the important role the diabatic effect played in mesoscale circulation at middle 

and upper levels. At low levels around the cold front , the three terms contributed nearly 

equally to the forcing. In the frontogenesis equation, although the differential diabatic 

effect was one order of magnitude larger than the confluence term above the front , it 

was strongly opposed by the tilting term. Therefore, although the low-level cold front 

contributed to triggering the intense convection within the squall line, any feedback to 

frontogenesis appeared to be small. At low levels during the system developing stage, 

frontogenetical effect was present around and ahead of the leading edge and frontolytical 

effect behind. But at the dissipating stage, weak frontogenetical effect only occurred in a 

small region within the frontal zone, with frontoly~is took place ahead and behind. This 

feature may help to explain why the movement of both he low level cold front and the 

squall line increased during the early stages and decreased rapidly and almost ceased at 

the dissipating stage. 
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Chapter 1 

INTRODUCTION 

Deep convection in tropical areas constitutes the major heat source in the global 

general circulation, as pointed out by Riehl and Malkus (1958). Observations show that 

deep convection is usually organized into mesoscale features characterized by groups or 

bands of convective cloud systems (e.g., Houze 1977; Zipser 1977; Leary and Houze 1979; 

Johnson 1980; Leary and Houze 1980; Houze and Cheng 1981; Johnson and Young 1983; 

Gamache and Houze 1982 and 1983; Houze and Rappaport 1984). Within midlatitude 

storm systems, similar features have also been notice for a long time (Houze and Hobbs 

1982; Houze et al. 1990) . Along with the development of techniques of numerical weather 

prediction, many attempts have been made to delineate the contribution of these mesoscale 

convective systems to the large scale circulation using large scale observational data. 

Since Yanai et al. (1973) proposed the computational methods for Q1 (the apparent 

heat source) and Q2 (the apparent moisture sink), which relate the unresolvable cumulus 

scale effect to large scale environmental variables, many budget studies have been per-

formed over different parts of the world to study the details of interaction between deep 

cumulus convection and the large scale environment (e.g. , Lewis 1975; Thompson et al. 

1979; Johnson and Young 1983; Johnson 1984; Ch ng et al. 1987; Frank and McBride 

1989; Gallus and Johnson 1991; etc). 

In the earlier studies, due to temporal and spatial limitations of data, only the col-

lective heating and moistening effects of many MCSs (mesoscale convective systems) were 

evaluated (Reed and Recker 1971; Nitta 1972a; Yanai et al. 1973 . The time and area-

averaged heating profiles showed condensational heating throughout the troposphere, rep-

resenting the sum of both convective scale and mesoscale precipitation components. 
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With more field experiments, denser sounding networks and more advanced instru-

ments, it was gradually noticed that MCSs could be properly partitioned into a convective 

region and a stratiform region (Houze 1977; Zipser 1977; Leary and Houze 1979; Houze et 

al. 1980; Johnson 1980; Leary and Houze 1980; Gamache and Houze 1982; Houze 1982; 

Johnson 1984). 

The vertical heating and moistening profiles display distinct differences between the 

convective region a.11d the stratiform region. As Houze (1982) pointed out, the total ef-

fect of the stratiform precipitation processes on the large-scale budget is heating of the 

middle to upper troposphere, where latent heating in the mesoscale updrafts is the domi-

nant effect, and coojng in the lower troposphere, where melting and mesoscale downdraft 

evaporation dominate. Johnson and Young (1983) , using ·winter MONEX sounding data, 

calculated the heat and moisture budgets of tropical mesoscale anvil clouds. They ob-

served that the composite heating profile showed a heating peak in the upper troposphere 

near 350 hPa and a cooling peak in the lower troposphere near 700 hPa. The heating 

can be mainly attributed to condensation and deposition in the anvil, while the cooling 

is due to evaporation and melting. The moisture budget showed a drying maximum in 

the upper troposphere coincident with the heating peak and a moistening maximum in 

the lower troposphere near 800 hPa. Many observational studies of tropical and middle 

latitude cases support their findings although the levels of peak heating and drying are a 

little different from case to case (Houze 1989; Gallus and Johnson 1991). 

Frank and McBride (1989) compared the heating and moistening profiles of cloud 

clusters in AMEX a d GATE. They divided the entire process into five stages: initial, 

growth, maximum intensity, early decay and late decay. The analyses showed that GATE 

systems tend to have maximum heating at low levels in their early stages, with the levels of 

maximum heating rising to the pper troposphere in later stages when convection weakens 

and stratiform rain becomes dominant. AMEX systems have their maximum heating at 

middle levels, with small upward shifting of the level of maximum heating throughout the 

entire process. The difference is hypothesized by Frank and McBride (1989) to be due to 

stratiform rain forming earlier in the life cycles of the AMEX systems than in the GATE 

systems. 
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A number of field experiments have been carried out in tropical and subtropical 

regions which have provided data for vertical motion, heat and moisture budget stud-

ies: the 1974 GARP Atlantic Tropical Experiment (GATE), the 1979 Monsoon Experi-

ment (MONEX), the 1987 Australia Monsoon Experiment (AMEX), the 1987 Equatorial 

Mesoscale Experiment (EMEX) , the 1987 Taiwan Area Mesoscale Experiment (TAMEX), 

and the 1988-1990 Down Under Doppler and Electricity Experiment (DUNDEE). Field 

experiments enabling such studies at midlatitudes have been fewer in number ( e.g. the 

1979 Atmospheric Variability Experiment - Severe Environmental Storm and Mesoscale 

Experiment) . The 1985 OK PRE-STORM (Oklahoma-Kansas Preliminary Regional Ex-

periment for STORM-Central) experiment (Cunning 1986) provided a valuable dataset to 

allow extensive studies of middle latitude mesoscale convective systems. 

Squall line systems, as one common type of mesoscale convective systems in both 

tropics and midlatitudes, receive much attention. This is because the structure of squall 

lines is usually relatively simple and regular compared to other types of MCS (Houze 

et al. 1990) . Some squall lines are highly two-dimensional, which is much conducive to 

2-D modeling studies and may provide a good reference comparison. Most squall line 

cases consist of convective and stratiform regions. The convective region, characterized by 

strong vertical motion throughout the troposphere and intense convective rain, is usually 

located at the leading edge of the mesoscale convective system and is about 30 ~ 50 

km wide . The stratiform region, also called the mesoscale anvil (Brown 1979) , usually 

defined as widespread cloud trailing the convective region of a squall line and extending 

from near the melting level to the upper troposphere, is characterized by light, continuous 

stratiform precipitat ion. However, its width may vary from case to case. Some squall lines 

also exhibited leading anvil structures. 

Rutledge et al. (1988) , using single-Dopplar radar data, studied the 10-11 June PRE-

STORM squall line. Their analysis showed four contrasting airflows within the squall 

line: a surface front-to-rear flow behind the leading edge, a rear-to-front inflow at midlevels 

sloping down to the surface at the leading edge, a front-to-rear flow originating at low levels 

in front of the leading edge and extending to the upper levels in the stratiform region and 
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a rear-to-front flow at upper levels of the convective region driven by divergence. This 

structure is similar to those found in tropical cases, although the system rear inflows were 

a little stronger in the midlatitude case. 

Gallus and Johnson (1991) did a comprehensive heat and moisture budget analysis 

during the late mat·.1re through the dissipating stages of the 10-11 June PRE-STORM case. 

This intense midlatitude squall line was characterized by a fast propagation speed and an 

extensive stratiform region. The convective region and the stratiform region were quite 

well resolved compared to other budget studies. They found that the Q1 distribution 

had heating peaks between 300 and 400 hPa in the convective and stratiform regions. 

Cooling in the stratiform region was most intense just behind the back edge of stratiform 

echo around 550 hPa. The drying effect peaked at lower levels than the heat source in 

the convective regio:i, and moistening was mast intense around 700 hPa in the stratiform 

region. The magni~udes of ascent and descent in the stratiform region weakened and 

the axes became increasingly sloped over time from the late mature to the dissipating 

stages, as did the heat source and moisture sink. Precipitation rates calculated from the 

integration of heat and moisture budgets yielded results in reasonable agreement to the 

observed rates. However, due to the fast moving character of the MCS, the squall line 

remained within the PRE-STORM sounding network only for a short time and only the 

late mature to decaying stages were studied. 

In the past, although many studies have been performed on the heat and moisture 

budgets of tropical and midlatitude convective systems, research done on the systems' 

momentum budget from a dynamical view point was not common. One of the main 

reasons was the existence of large observational errors and coarse resolution of mesoscale 

rawinsondes. The e1Tors may produce unreliable results when calculating the pressure 

gradient force (Fankhauser 1974), which always plays an important role in the system 

evolution. 

Sanders and Emanuel (1977) first used mesoscale rawinsonde data to study a momen-

tum budget of a middle lat itude squall line. The pressure gradient force was obtained as 

a residual and compared t o the results calculated hydrostatically from real geopotential 
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height data. Good agreement was found , indicating the reliability of the pressure gradient 

force calculated directly from geopotential height data. By comparing each momentum 

budget component within the system normal to the squall line, they found cumulus eddy 

flux transports to be as large as the pressure gradient force and generally opposing each 

other during the system evolution. 

LeMone {1983), using aircraft data, investigated the momentum budget of a line 

of tropical cumulonimbi. The vertical transport of horizontal momentum normal to the 

squall line was found to be countergradient and tended to increase the vertical shear of 

the horizontal wind during evolution, contrary to the predictions of mixing-length theory. 

But the vertical transport of horizontal momentum parallel to the line was downgradient. 

Smull and Houze {1987) and Lin et al. {1990) using dual-Dopplar radar data stud-

ied an Oklahoma squall line and a subtropical squal line during TAMEX, respectively. 

Both of their results supported LeMone's finding that the vertical transports of horizontal 

momentum normal to the squall line tended to increase vertical shear of the horizontal 

wind. 

Another squall line momentum budget using dense mesoscale rawinsonde sounding 

data during PRE-STORM was performed by Gallus and Johnson (1992). They noticed 

that strong front-to-rear pressure gradient acceleration resulted from a mesolow existing 

at middle levels within the stratiform region of the system. By studying the evolution of 

the pressure gradient force , Coriolis force, acceleration term and turbulent transport term, 

they found that the turbulent stress term generally opposed the large pressure gradient ac-

celeration and was responsible for most rear-to-front acceleration in the convective region. 

In the stratiform region, the balance within the system was maintained by the pressure 

gradient force and Coriolis acceleration during the dissipating stage. Both line-normal 

and along-line momentum fluxes were found to be countergradient within the squall line. 

Most of the previous squall line budget studies were performed either over large tem-

poral and spatial scales or at a specific stage of the system evolution. Studies on the 

longer period of a life cycle of a squall line are quite rare. On 26-27 June 1985 dur-

ing the PRE-STORM experiment, a squall line followed by a low-level cold front passed 
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through the PRE-STORM network. It was characterized by slow movement and exhib-

ited evolutional features from the developing and mature to the dissipating stages within 

the network. Compared with other midlatitude budget studies (Lewis, 1975; Sanders and 

Paine 1975; Fritsch et al . 1976; McNab and Betts 1978; Ogura and Chen 1977), it pro-

vided a much more complete data set over the life cycle of a MCS. This squall line showed 

a complicated three-dimensional intermediate asymmetric pattern (Manning, 1991) and 

demonstrated both similar an different environmental conditions and structural features 

compared to many previously observed cases and idealized simulations of linearly oriented 

MCSs. Moreover, fae low-level cold front following the convective system may have im-

posed important for : ing effects on the evolution of this long-lived squall line system (Trier 

et al. 1991). 

In this study, heat, moisture and momentum budget analyses have been performed 

at six different times for the 2"-27 June MCS. Particular emphasis will be placed on the 

spatial and temporal evolution of mesoscale heating, moist ening, and the force balance 

within the squall line frcm the developing and mature, to the dissipating stages, and on 

the interaction between the low-level cold front and the squall line system. Attention will 

also be given to the comparison of the vertical heating and moistening profiles with other 

tropical and midlatitude squall line systems in terms of the positions and magnitudes of 

the heating and moistening peaks. The budget-integrated rainfall rates at each time will 

also be compared with observed surface rainfall rates to check the validity of the budgets. 



Chapter 2 

BUDGET EQUATIONS 

2.1 Heat and moisture budget equations 

Budget equations for Q1 (the apparent heat source) and Q2 (the apparent moisture 

sink) (Yanai et al. 1973), with modifications to account for ice effects {Gallus and Johnson 

1991) , are defined by: 

( - ) -,-, {) -,-, +Lt f- in - 'v . s V - -s w op 

Lv(c - e) + Lv(d - s*) + 

L - ,-, L o -,-, 
v '\j •q V + v Op q W 

(2.1) 

(2.2) 

where s=cp T+gz is the dry static energy; q the specific humidity; QR the radiative heating 

rate ; Lv and Lt the latent heats of vaporization and fusion; c, e, d , s*, f and m the con-

densation, evaporation, deposition, sublimation, freezing and melting rates, respectively. 

The overbars refer to roughly 50 km x 50 km area averages, where primes denote sub-grid 

deviations from the horizontal area average. Q1 is a measure of radiative heating, latent 

heating from net condensation and ice phase changes, and the convergences of the verti-

cal and horizontal eddy transports of sensible heat. Although the horizontal eddy flux is 

usually neglected in large scale budget studies, it may be important in budget studies of 
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squall lines (Gallus and Johnson 1991). Rutledge and H uze (1987) found in their diag-

nostic modeling study that the hydrometeor transport from the convective region into the 

stratiform region may account for 20 % of the precipitation in the stratiform region, and 

also more importantly, the 20 % account the other 80 % to fallout, which suggests the 

possible importance of horizontal eddy transport. However, there is no method to directly 

assess the importance of this term. Similarly, Q2 is a measure of the net condensation and 

the horizontal and vertical convergences of the eddy moisture transports. 

Integration of Eqs. (2.1) and (2.2) from PT (cloud top pressure) to Ps (surface pres-

sure) gives the precipitation rates Po diagnosed from the heat and moisture budgets (Yanai 

et al. 1973). Integration of (2.1) gives: 

{2.3) 

and (2.2) gives: 

{2.4) 

where the second and the third terms on the right-hand side of eac equation represent 

water production by net deposition and the net convergence of the horizontal eddy flux, 

respectively. They a.re uaually considered to be small in budget studies due to possible 

large cancellation wi thin the integrating volume. The fourth term in Eq. (2.3) , which 

represents the net melting effect in the volume, is also considered to be small. Since 

there is a long time sequence of data in this case, the surface sensible heat flux term 

So and surface evaparation term Eo could be large during the afternoon {2100 to 0000 

UTC). Unfortunately, they cou d not be obtained from available data. However, due to 

large cloud cover during these times, these two surface terms might be small and will be 

neglected. The two terms should be small for midlatitude convection a night (Gallus and 
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Johnson 1991) from 0130 to 0430 UTC and can be neglected compared with the large 

magnitudes obtained from the integration of Q1 and Q2. 

A more general form of the precipitation rate can be written as: 

(2.5) 

where P represents the actual rainfall rate; PQ the rainfall rate calculated from the vol-

ume integration of Q1 or Q2, which can be directly diagnosed from large scale data; Px 

the combination of volume integrations of net ice phase changes, convergence terms of 

horizontal eddy flux and surface terms, which can not be determined directly from con-

ventional sounding data; and Pa the errors resulting from data grid selection, smoothing 

scheme, distribution of sounding stations and hydrometer storage, etc. The discrepancy 

between P (the actual precipitation rate) and PQ (the calculated precipitation rate) can 

be explained by the temporal and spatial variation of (Px + Pa) . 

2.2 Momentum budget equation 

The momentum budget, similar to the work done by Sanders and Emanuel {1977) 

and Gallus and Johnson (1992) , will focus on the evolution of the components of the wind 

normal to the squall line. 

The momentum budget equation (Sanders and Emanuel 1977) is given by: 

- au _ au _ au _ au a;/> _ a -(, , ) 
X = - +u-+v-+w- + - -fv = -- w u at ax oy op ax op (2.6) 

The acceleration term, pressure gradient force, and Coriolis force are calculated using 

gridded data of height and wind velocity, while the turbulent force is determined as a 

residual, X. Those terms normal to the squall line are evaluated to investigate their 

temporal and spatial evolution. 
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2.3 Computational methods 

Spatial and temporal derivatives are calculated using a finite centered difference 

method. Vertical ~velocities are calculated by integrating the mass continuity equation. 

Due to errors resulting from wind measurements, the divergence calculation has large 

accumulated errors in the upper troposphere. A method proposed by O'Brien (1970) is 

used to adjust the vertical distribution of divergence and vertical velocity and make them 

satisfy continuity for the whole volume. Vert ical velocities at the surface (975 hPa) and 

at the top (125 hPa) are set t o zero. In their study of the 10-11 June 1985 case, Gallus 

and Johnson (1991) found that the influence of the topography on the calculation of the 

vertical velocity in the PRE-STORM area is very small and can be neglected when com-

pared to the large n:.agnitudes of the updraft and downdraft within the squall line system. 

Hence, topography is not considered in computing the vertical velocity in this case. 



Chapter 3 

DATA AND ANALYSIS METHODS 

3.1 The PRE-STORM field experiment 

During May and June of 1985, the Oklahoma-Kansas Preliminary Regional experi-

ment for STORM-Central was performed over the Great Plains. One of its main objectives 

was to examine the detailed structure of midlatitude mesoscale convective systems occur-

ring over the central U .S, which usually have large contributions to the annual precipita-

tion in this region. The PRE-STORM observational mesonetwork is illustrated in Figure 

3.1. Abundant data from various facilities including NWS rawinsondes, supplemental 

rawinsondes, surface mesonets, radars and wind profilers, were collected. 

3.2 Upper air data and compositing technique 

In this study, PRE-STORM rawinsonde data from the NWS and supplemental sound-

ing stations were extensively used to perform heat, moisture and momentum budget cal-

culations from 2100 UTC 26 June to 0430 UTC 27 June at intervals of 90 minutes. 

There are eight rawinsonde-release times at 90-min intervals used in this case. In 

order to decrease data spacing and better resolve the structural details of the squall line, 

a compositing technique was used in the budget calculations over three-hour periods cen-

tered at six different times (1930, 2100, 2230, 0000 , 0130, 0300 UTC) ranging from the 

developing and mature to the dissipating stages. Under the assumption of a quasi-steady 

state squall line over 3-h intervals , the data at differ nt times for one station can be moved 
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a distance ahead of or behind the actual posit ion at centered times according to the av-

erage propagation speed of the system. Thus, data at different times can be incorporated 

into a specific time with more sounding data available for the budget study. The method 

to determine the estimated propagation speeds of the squall line is similar to that of Gal-

lus and Johnson (1991). They found that the best ve ocity to use for compositing over 

the entire PRE-STORM region was the average movement of the central ax.is, leading 

edge, and back edge of the radar echo over each three hour period. The reason is that 

the movement of the stratiform region is usually slower than that of convective region. 

Figures 3.2a, b and c show the positions of the leading edge, back edge and central ax.is 

at eight different times based on low-level radar reflectivity data from Wichita, KS , and 

Oklahoma City, OK. It is noticed that although the leading edge and the back edge were 

not very regular , they both moved south-eastward. The movement of the leading edge 

over Oklahoma was faster than that over Kansas, while the speed of the back edge was 

almost the same over the two regions. Fig. 3.2c clearly shows that the propagation speed 

of the central axis gradually increased during the developing and mature stages and then 

rapidly decreased in the dissipating stage. 

Table 3.1 presents the average direction and speed of movement of the squall line 

system at eight different times over Kansas and Oklahoma. From 1930 to 2230 UTC, the 

average direction of the squall line was towards 132° and the average speed was about 

5.0 m s-1 over Kansas and 7.0 m s-1 over Oklahoma. The speed gradually increased 

from 0000 to 0130 UTC. The maximum propagation speed was found at 0130 UTC. Over 

Kansas the average speed was 6.3 m s-1, whereas over Oklahoma it was 8.6 m s-1. The 

average movement of the squall line system during the mature stage in this case is smaller 

than that of the 10-11 June squall line which had an average speed of 14 m s-1 from 

the mature to the dissipating stages (Rutledge et al. 1988; Gallus and Johnson 1991). 

Although the 26-27 June squall line underwent a three-dimensional, asymmetric evolution 

from the developing and mature to the dissipating stages, the relatively brief three-hour 

interval used for compositing is assumed to adequately satisfy the assumption of steady 

state. The speed of the system decreased rapidly during the dissipat ing stage from about 
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Figure 3.2: The positions of the leading edge, back edge and central axis determined from 
low-level radar echo a: eight different times. a) the leading edge, b) the back edge, c) the 
central axis. 
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5.0 m s-1 at 0300 UTC to 3.4 m s-1 at 0430 UTC and 1.0 m s-1 at 0600 UTC. Due to 

the character of stagnant movement at 0430 and 0600 UTC, the compositing technique 

was not appropriate to be applied at these two times due to potentially unrealistic strong 

gradients in the analyzed fields. 

Time Direction Moving Speed (m s-1
) I 

Kansas I Oklahoma I 
1930 Z 132° 4.6 7.0 
2100 Z 132° 4.5 7.5 
2230 Z 132° 5.5 7.2 
0000 Z 132° 5.8 8.0 
0130 Z 132° 6.3 8.6 
0300 Z 132° 5.0 6.0 
0430 Z 130° 3.4 3.4 
0600 Z 130° 1.0 1.0 

Table 3.1 : The average direction and speed of movement of the 26-27 June squall line. 

The sounding stations within the PRE-STORM rawinsonde network have an average 

spacing of about 160 km from each other (See Fig. 3.1). After the compositing technique 

was applied, the average spacing between stations decreased and the total number of 

sounding stations available for objective analysis at individual times increased from about 

fifteen to more than thirty except at 0430 and 0600 UTC. Although Barnes and Sieckman 

(1984) defined slow-moving squall lines as having speeds< 3 m s- 1 and fast-moving squall 

lines as having speeds> 7 m s-1, the 26-27 June squall line is considered as a slow-moving 

line compared with many previously studied fast-moving cases generally having average 

propagation speeds exceeding 10 m s- 1. This slow propagating feature made the 26-27 

June data set unique due to the long sequence of data wit} in the PRE-STORM sounding 

network from the developing and mature to the dissipating stages. Most of the previous 

diagnostic studies relating the role of heating and moistening of squall lines to the large 

scale environment were based on sounding data at a specific stage of the system. Due 

to the limitation of sounding coverage and number of sounding stations, usually only one 

or two times were studied. In this budget study, with the advantage of a much longer 
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sequence of data, particular attention will be given to the temporal and spatial evolution 

of the squall line system. 

3.3 Treatment of upper air data 

For this budge analysis, sounding data were vertically interpolated from 975 hPa to 

125 hPa at intervals of 25 hPa. Smaller vertical intervals were tested and yielded similar 

budget results. Hydrost tic and horizontal checks were performed to eliminate erroneous 

sounding data. The PRE-STORM region slopes downward from west to east and the lower 

pressure levels usua ly intersected the surface . To compensate for terrain effects and not 

cause large gradients near the surface in the budget calculations, u , v wind components 

and the specific humidity data at pressure levels underground are assigned values the 

same as the values at the surface. The values and their derivatives or derived variables 

underground at grid points are set to zero during budget integrations. For stations at 

higher elevations abc,ve 975 hP , height and temperature are interpolated from other data 

points during the objective am.lysis, while for stations at relative low elevation above 975 

hPa, temperature were equal to the surface value at each pressure level underground and 

height data were determined by applying the hypsometric equation. Balloon drift was also 

considered during da-:;a processing. A 1-2-1 smoothing scheme was used to filter out small 

scale disturbances in the vertic l. 

3.4 Objective analysis 

The domain selected in the budget study is from 94°W to 102°W and from 33°N 

to 40°N. A Barnes objective analysis scheme ( arnes 1964) in spherical coordinates was 

used to interpolate the sounding data onto a 0.5° by 0.5° grid. Radar maps showed that 

from 1930 to 2230 UTC, the en ire width of the squall line was about 90 km. The width 

increased to 110 km from 0000 to 0130 UTC and reached 150 km during the dissipating 

stage (0300 to 0600 UTC). Due to the slow movement and the narrowness of the squall line, 

the composited rawinsonde stations were not evenly distributed. The average distances 
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between sounding stations ranged from 50 km to 90 km at lower levels. A filter response 

of about fifty percent at 100 km was selected at levels below 400 hPa. Due to the missing 

data at higher levels, the average station spacing increased and the response function was 

selected to represent a horizontal scale of about 200 km above 400 hPa. Unlike the 10-11 

June case which had a 160 km wide trailing stratiform region, both the convective and 

stratiform regions in the 26-27 June case were about 40 ~ 60 km wide during the developing 

and mature stages; therefore, the stratiform region was not as accurately represented by 

the objective analysis scheme as in the 10-11 June case. Because smaller-scale motions 

could not be resolved and the features in both the convective region and the stratiform 

region were smoothed into each other and into the environment, some diagnostic variables 

such as the vertical motion might suffer large underestimation. Ogura and Liou (1980) and 

Kuo and Anthes (1984) pointed out this common problem in mesoscale analysis. During 

the dissipating stage, the horizontal extent of the stratiform region increased to 100 km, 

so that its structural details could be better resolved during that stage. 

3.5 Radar maps and surface data 

Although the budget study emphasizes the upper air sounding data, radar maps and 

surface rainfall data were also used. 

Radar reflectivity maps from the NWS WSR-57 radars located at Wichita, Kansas, 

and Oklahoma City, Oklahoma, provided a good time evolution of the reflectivity patterns 

of the 26-27 June squall line from the developing and mature to the dissipating stages. 

The convective and stratiform regions were separated according to radar reflectivity. 

The surface rainfall rates and cumulative rainfall data were obtained from the NSSL 

SAM and NCAR PAM-II surface observational networks. Subjective analyses were per-

formed to contour the precipitation rate at different times and to compare with the diag-

nosed rates from the vertically-integrated budgets. 



Chapter 4 

MESOSCALE STRUCTURE 

The 26-27 June squall line was a slow moving, long-lived mesoscale convective system 

with a narrow stratiform region. It remained within the PRE-STORM network for most 

of its developing, mature and dissipating stages. A cold front was following the squall 

line and moving from northwest to southeast. The 0000 UTC 27 June 500 hPa analysis 

(Figure 4.1) shows that a strong upper-level trough was located west of the PRE-STORM 

region and would move slowly eastward. During the entire process, the pre-frontal squall 

line system swept slowly through the PRE-STORM network and left a large amount of 

precipitation. Since this squall line had many differences from the typical symmetric, fast-

moving squall lines , which have often been studied, the aim of this chapter is to show the 

spatial and temporal evolution of the relative wind field, divergence and vertical velocity 

from the developing and mature to the dissipating stages and to compare them to typical 

symmetric cases. 

4 .1 Squall line history 

Before 2100 UTC 26 June, the mesoscale convective system was somewhat disorga-

nized. Figure 4.2a shows the composited low-level radar reflectivity at 1825 UTC. The 

system can be divided into three distinct components (Trier et al. 1991): A 50-70-km-wide 

prefrontal squall line , a narrow rainband coincident with the surface cold front and a se-

ries of deep convective rainbands and cells that formed in advance of the prefrontal squall 

line . The frontal rainband and the pre-squall deep convective rainbands and cells were 

nearly parallel to the prefrontal squall line. With the passage of time, the entire squall line 
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Figure 4.1: NMC 500 hPa analysi.s for 0000 UTC 27 June 1985. Isotherms (5 °C intervals) 
dashed, geopotential height cont,:mrs (6 m intervals) solid. Conventional plotting model 
is used. 
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system gradually organized. The cold front and frontal ra.inband slowly caught up with 

the prefrontal squall line and in the meantime the reflectivity of the squall line increased 

during this time, especially over the Oklahoma region. The deep convective rainbands 

and cells ahead of the prefrontal squall line also slowly merged with the squall line and 

redefined the leading edge of the MCS. At 2131 UTC (Fig. 4.2b), the system became a 

nearly solid squall line, although some part of it still indicated organizing features. 

During the intensive analysis from 2100 UTC 26 June to 0430 UTC 27 June (Figs. 

4.2b-g), the portion of the 26-27 June squall line over Kansas had distinct differences from 

the part over the Oklahoma region. The radar echo over Kansas was dominated by low 

reflectivity, indicating stratiform precipitation from 2100 to 0400 UTC, except that during 

the early stage, there was a 10 - 20 km wide convective region at the leading edge. After 

0400 UTC, most of the radar echo over the Kansas region dissipated. The Kansas portion 

of the squall line showed systematic evolution from the mature to the dissipating stages. 

The part of the squall line over Oklahoma exhibited intense developing features of the 

squall line during early times, as compared to the nearly late mature to the dissipating 

stages over Kansas. From 2100 to 0000 UTC (Figs. 4.2b, c and d) , it had higher radar 

reflectivity and the convective region was equal to or larger than the area occupied by 

the stratiform region. During this time interval, this segment of the squall line can be 

defined as at its developing and early mature stages. Beginning from 0130 UTC (Fig. 

4.2e), the width of the stratiform region gradually increased from about 30 - 40 km to 

nearly 100 km at later times. The width of the convective region decreased to about 

30 - 40 km. At 0300 and 0430 UTC, the enhanced reflectivity pattern (not shown here) 

showed a clear separation of the convective region, the stratiform region and the transition 

region over Oklahoma, indicative of the late mature to the dissipating stages. After 0430 

UTC 27 June, the movement of the squall line nearly ceased but its dissipation continued 

significantly longer. 

Newton and Fankhauser (1964) first investigated the evolution of asymmetric squall 

line cases. They found that new convection usually develops on the south ends of squall 

lines and older thunderstorms dominate the northern ends of lines, which is similar to the 
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26-27 June squall line during its early stages. They also noticed that an extensive strati-

form precipitation area is not typically found in this type of squall line, except possibly on 

the north end. Ho:ize et al. (1990) further defined the symmetric and asymmetric cases 

according to a climatological study of mesoscale organization of springtime rainstorms in 

Oklahoma. In the symmetric case, the convective line shows no preference for the most 

intense cells to be found at any particular location along the line while the stratiform 

region has its centroid located directly behind the center of the convective line. In the 

asymmetric case, the convective line is stronger on its southern, southwestern, or western 

end, while the centroid of the stratiform region is biased toward the north, northeast, 

or east end of the line. Their results indicated that the asymmetric cases are almost as 

common as symmetric cases ver the Great Plain region. The 26-27 June PRE-STORM 

squall line, according to their definition, can be attributed to an intermediate asymmetric 

pattern during the developing and mature stages and a more symmetric pattern during 

the decaying stage. 

In this study, radar reflectivity is used to divide the entire system into the convective 

region and the stratiform region, although sometimes the two are quite difficult to distin-

guish. The convectiw region is defined as the region with reflectivities exceeding 35 dBZ 

and the stratiform regio with lesser values. The transition region only appeared at 0300 

and 0430 UTC on enhanced radar reflectivity maps. It wa.c; very narrow and can not be 

resolved by PRE-STORM network, so it is not studied in this case. 

Since the squall line exhibited asymmetric features in this case and the widths of 

the stratiform and convective regions varied at different times and in different regions, 

the vertical cross sections were constructed using a method somewhat different from that 

used by Ogura and Liou (1980) and Gallus and Johnson (1991). In this study, slabs ( ~ 
50 km wide) were sel cted to be normal to the squall line instead of along the squall line. 

Therefore , one slab will represent a single cross section normal to the squall line. This 

method makes it easy to study the three dimensional features of a MCS. The system-

averaged or region-averaged vertical cross sections can be easily determined by averaging 

these slabs normal to the squall line. Careful consideration was taken in order not to 

average values at single grid points twice. 
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4.2 Relative wind 

The system-averaged vertical cross sections of relative wind normal to the squall line 

from 2100 UTC 26 June to 0430 UTC 27 June are shown in Figure 4.3 at 90-minute 

intervals. The relative velocity is obtained by subtracting the average movement of the 

system from grided wind data normal to the line. 

At 2100 UTC (Fig. 4.3a), front-to-rear flow is quite evident ahead of the system. The 

peak value (a.bout 12.0 m s-1 ) was slightly above 900 hPa. and was much weaker than 

that found in the 10-11 June case (nearly 24.0 m s-1 at 900 hPa) (Gallus and Johnson 

1991). The front-to-rear flow sloped upward toward t e rear of the system with speeds 

exceeding 24.0 m s-1 over 200 km behind the leading edge between 250 and 300 hPa, 

similar to that of the 10-11 June case ( about 28.0 m s- 1 at 250 hPa.). 

The front-to-rear jet decreased rapidly at upper levels from 200 km behind the system 

toward the lea.ding edge and reached its minimum (nearly 4.0 m s-1 ) at 200 hPa.just ahead 

of the lea.ding edge. Rutledge et al. (1988) , using radar data, found in the 10-11 June 

case that there was a rear-to-front flow which resulted from cloud top divergent outflow at 

upper levels ahead of the lea.ding edge. Although almost no rear-to-front flow was found 

at this position in this case, there was a minimum of front-to-rear flow and that can be 

attributed to the divergent outflow a.loft. 

The most pronounced difference from the 10-11 June squall line is at low levels be-

tween 950 and 800 hPa behind the leading edge: There was a strong rear-to-front flow 

(maximum was 7.2 m s-1 ) induced by the cold front. There was also a middle level 

environmental rear-to-front flow that can be observed near 600 hPa.. At this time, it was 

similar to the 10-11 June case, but was with rather weak values (less than 4.0 m s-1 ) , 

and did not extend downward into the system. 

Relative wind at 2230 and 0000 UTC (Figs. 4.3b and c) showed similar patterns 

to that of 2100 UTC, except that the lower branch of the rear-to-front flow gradually 

extended forward to within 50 km of the lea.ding edge. This behavior is likely a reflection 

of the fa.ct that the cold front moved a little faster than the squall line. However, the 
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Figure 4.3: Relative wind (in m s-1) normal to the squall line. a) 2100 UTC, b) 2230 
UTC, c) 0000 UTC, d) 0130 UTC, e) 0300 UTC, f) 0430 UTC. Positive values indicate flow 
from rear to front (left to right). Heavy solid lines approximately delineate the low-level 
frontal zone. Arrow c.enotes the leading edge. 
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intensity of the lower branch of the rear-to-front flow gradually decreased. During this 

time interval, it appeared that there was still no tendency for the middle level rear-to-front 

inflow to extend downward in a pronounced way into the system. 

By 0130 UTC (Fig. 4.3d), the depth of the rear-to-front flow within 200 km behind 

the leading edge began to increase. Not only was there a peak (more than 4.0 m s-1) 

associated with the cold front between 900 and 850 hPa 175 km behind the system, but 

also there was another peak ( nearly 5.5 m s-1) located at 750 hPa 75 km behind the 

leading edge. Sin~ the cold front did not extend as high at this position, this maximum is 

probably an indication that the mid-level rear-to-front flow finally began to descend into 

and/ or develop behind the system. 

From 0300 to 0430 UTC (Figs. 4.3e and f), when the squall line was in its dissipating 

stage, the rear-to-front flow shows different patterns from those of the early stages. At 

a distance of over 400 km behind the leading edge, the two rear-to-front inflow maxima 

gradually merged and the peak intensity increased to 12.0 m s-1 between 600 and 800 hPa 

500 km behind the leading edge. Within 300 km of the convective line, there were two 

clearly separated branches of rear-to-front flow at 0300 UTC. The upper branch showed a 

clear pattern of the strengthening mid-level rear-to-front flow extending from well behind 

the leading edge do"Wn to 750 hPa within the system. This strengthening also corresponded 

to the period when the trailing stratiform region expanded significantly (Fig. 4.2). 

From the above analyses, there are some similarities and some differences between 

the 26-27 June squall line and the 10-11 J une case. A basic difference was that in the 

26-27 June case the squall line was followed by a low-level cold front and its associated 

rear-to-front flow hc.ving a peak of 5 ~ 8 m s-1 near 800-950 hPa. However, the flow 

near the surface and at upper levels in the tw cases was very similar. The front-to-rear 

flow, similar to typi al symmetric squall lines, transported heat and moisture from the 

convective region up to the middle and upper levels of the rear of the system. Although 

at low levels behind the leading convective line, it was dominated by the rear-to-front flow 

associated with the cold front, there were also indications of a weak front-to-rear flow near 

the surface behind th~ leading edge, which was usually found as a result of an overturning 
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downdraft fed by divergence underneath the stratiform region (Srivastava et al. 1986, in 

Fig. 15; Augustine and Zipser 1987; Smull and Houze 1987, in Figs. 4b and 5b; Johnson 

and Hamilton 1988, in Fig. 16; Rutledge et al. 1988, in Figs. 4b, 5b and 6b; Gallus and 

Johnson 1991, in Fig. 3) . But it occupied only a very shallow layer above the surface. 

The front-to-rear flow at low levels ahead of the leading edge was much weaker throughout 

the whole analysis compared to the 10-11 June case. However, the horizontal wind shear 

across the squall line remained relatively strong. Another feature is that the upper level 

front-to-rear flow had a similar magnitude to the 10-1 June case and increased slowly 

from the developing to mature stages, and then decreased at t he dissipating stages. The 

mid-level rear-to-front flow , which was associated with the squall line system, was not 

apparent during the early stages compared to the large magnitudes of the rear-to-front 

flow at low levels. It gradually increased its strength from the developing and mature to 

the dissipating stages. At later times, the two rear-to-front inflows, resulting from different 

mechanisms, formed a deep layer of rear-to-front inflov.' behind the leading edge. 

Figure 4.4 shows the along-line component of the relative wind. Consistent with the 

existence of a low-level cold front, there was a relative y strong vertical shear around the 

front. Strong horizontal shear of positive relative vorticity also existed at low-levels along 

the front. At 650 hPa just above the leading edge, a low-level southwesterly jet can be 

noticed at 2100 UTC, which was associated with the cold front . Its magnitude gradually 

decreased with the passage of time. Southwesterly flow was dominant aloft within the 

system and increased toward the rear, with speeds exceeding 36.0 m s-1 at 0430 UTC. 

It may be related to an upper level synoptic jet. At low levels behind the front was 

northeastly flow dominated. Its magnitude varied little throughout the evolution of the 

system. 

4 .3 Divergence 

The vertical cross sections of divergence normal to the 26-27 June squall line are 

illustrated in Figure 4.5. During the entire evolution process, the strongest convergence 
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Figure 4.4: Relative wind (in m s-1) along the squall line. a) 2100 UTC, b) 2230 UTC, c) 
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was generally located at about 900 hPa near the leading edge except at 0430 UTC. Similar 

to previous diagnostic studies of middle latit de squall lines (Ogura and Liou 1980; Gallus 

and Johnson 1991), the axis of the convergence within the system tilted from low levels near 

the leading edge up to high levels in the rear of the system due to the strong convergence 

of the rear-to-front flow and the front-to-rear flow. There were several convergence peaks 

with similar magnitudes located at middle and upper levels within the convergence zone. 

The average magnitude in the mid-troposphere was 5.0 x 10-5 s-1 from 2100 to 0130 

UTC and increased to about 1.0 x 10- 4 s-1 at 0300 and 0430 UTC. This increase might 

be an indication that at later times the middle level rear-to-front inflow associated with 

the squall line strengthened and converged more intensively with the front-to-rear flow. 

In the convective region and ahead of the leading edge, there was strong convergence 

at low levels and divergence from middle to high levels. From the developing and mature 

to the dissipating stages (2100 - 0430 UTC) , the basic struc ure of the divergence pattern 

remained almost the same. Convergence near the surface gradually increased from 7.9 x 

10-5 s-1 at 2100 UTC, and reached the maximum {13.9 x o-5 s-1) at 0130 UTC, then 

slowly decreased during the diEsipating stage (12.7 x 10-5 s-1 at 0300 UTC and 8.8 x 

10-5 s-1 at 0430 UTC). The magnitudes of divergence and convergence were generally 

smaller than those of the 10-11 June case (Gallus and Johnson 1991) , suggesting that the 

intensity of the 26-27 June case might be weaker than that of the 10-11 June squall line. 

Figure 4.6 shows the vertical profiles of divergence averaged over the convective region 

and the stratiform region. In the convective region (Fig. 4.6a) , the vertical profiles at 

different times (from 2100 to 0300 UTC) were quite similar. Convergence was present 

below 575 hPa. The verage peak value (about 1.0 x 10-4 s- 1) was generally located 

at ~ 850 - 950 hPa, indicating the interrelationship between the upward transport of 

mass and moisture and the large convergence at low levels. Above 575 hPa, divergence 

dominated. Peak values were generally around 7.0 x 10-5 s-1. 

Compared with th.e convecti-,e region, the vertical profiles of divergence in the strat-

iform region (from 2230 to 0430 UTC) showed a different pattern (Fig. 4.6b). Below 

700 hPa, very weak cor..vergence existed uniformly at most of times. It was partly due to 
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the aliasing from the convective region. At 0430 UTC, divergence was occurring below 

800 hPa. This feature may have resulted from the rear-to-front inflow and the system's 

mesoscale downdrafts. Convergence peaks were generally located between 500 and 600 

hPa and the magnitudes increased with time. The presence of mesoscale updrafts above 

and mesoscale downdrafts below in the stratiform region was the main contribution from 

the midlevel convergence. Between 175 and 400 hPa divergence occurred due to outflow 

at the top of the system. 

Divergence prafiles for the entire system are considered in Figure 4.7. Two peaks of 

convergence resulting from the convective and stratiform regions can be clearly noticed 

below 500 hPa prior to 0300 UTC. One occurred at low levels ( ~ 900 hPa) and the other 

at middle levels ( ~ 600 hPa) . As the system evolved from the developing and mature 

to the dissipating stages, the low-level convergence gradually decreased, which indicates 

that the low level mass and moisture supply to the whole system decreased. On the other 

hand, the midlevel convergence gradually increased, implying a growing influence of the 

stratiform region. More mass and moisture converged at middle levels by the rear inflow 

and the front-to-rea:- flow and went to feed mesoscale updrafts and downdrafts within 

the stratiform region. The non-divergence level was around 500 hPa, a level higher than 

the melting level (6CO hPa) . From 500 to 15 hPa a deep layer of uniform divergence 

existed similar to that in the convective region. Further above, weak convergence can be 

noticed near tropospa.use and t his feature has also been found in several other studies 

(e.g. , Johnson et al. 1990). 

4.4 Vertical motion 

Figure 4.8 shows the vertical motion in the squall line from the developing and ma-

ture through the dissipating stages. At 2100 and 2230 UTC, the 26-27 June squall line 

demonstrated the mos:t pronounced asymmetry over the Oklahoma and Kansas regions. 

Since the vertical motion field is sensitive to the asymmetry, averaged cross sections for 

Kansas and Oklahoma regions are portrayed respectively. During these times, the part of 
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the squall line over Oklahoma was basically a convective line {about 30 to 50 km wide). 

The vertical velocity within this part of the squall line was dominated by upward motion 

throughout the whole troposphere with a peak of 10.1 µb s-1 at 550 hPa at 2100 UTC 

{Fig. 4.8a) and 2230 UTC (Fig. 4.8b). Because of the narrowness of the squall line, 

aliasing due to poor resolution and weaker intensity of the squall line, the magnitude of 

upward motion was much smaller than that found by Gallus and Johnson {1991) for the 

10-11 June case. 

Regions of compensating descent in front of the leading edge have been shown in many 

squall line studies {Fankhauser 1974; Fritsch 1975; Sanders and Paine 1975; Gamache and 

Houze 1982; Gallus and Johnson 1991). Ahead of the leading edge of the 26-27 June 

squall line at 2100 and 2230 UTC, there was a 120 km wide region of downward motion 

throughout the depth of the troposphere over Oklahoma. The average peak value was 

around 3.8 µb s- 1 at 425 hPa. To the rear of the system was another extensive region of 

compensating downward motion with a peak centered between 400 and 500 hPa. 

Based on radar reflectivity maps, the part of the squall line over Kansas was in its 

mature to dissipating stages at 2100 and 2230 UTC. The pattern of the vertical motion 

{Figs. 4.8c and d) was distinctly different from that over Oklahoma. The most promi-

nent difference was the larger horizontal extent of upward motion over Kansas. Near the 

leading edge, features :>f the convective region can be noticed. There was upward motion 

throughout most of the troposphere with an average peak of 11.3 µb s-1 at 550 hPa. 

In the stratiform regioo, from middle to upper levels there was upward motion with an 

average peak 9.6 µb s-1 at 400 hPa. At low levels from 800 hPa to the surface there 

was weak downward m:>tion at 100 to 300 km behind the leading edge. Because the rear 

of the system was near the northwest edge of the grid, where it was almost outside the 

sounding network, the features within the stratiform region were smoothed to the rear of 

the system. Also the weak upward motion ahead of the leading edge might be the result 

of aliasing of the features in the convective region during objective analysis. 

Beginning at 0000 UTC, the part of the squall line over he Oklahoma region also 

evolved into the mature and the di!:sipating stages. The asymmetry was not as pronounced 

as that at earlier times, 30 only the average of the entire system is considered. 
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From 0000 to 0130 UTC, the movement of the squall line was the fastest during 

the entire system evolution. Therefore, the features within the system should be better 

represented by the composite analysis. Vertical motion at these two times is shown in 

Figs. 4.8e and f. The peaks of upward motion at these two times were located at about 

600 to 650 hPa with magnitudes of 19.3 µb s-1 at 0000 UTC and 29.6 µb s-1 at 0130 

UTC. The increase in magnitude of upward motion peak from 0000 to 0130 UTC was 

quite dramatic. It was probably influenced in part by a sounding station near the leading 

edge that was located in a very strong convective core at 0130 UTC. To the rear of the 

system was a deep layer of downward motion. The maximum downward motion increased 

from 0000 UTC (4.8 µb s-1) to 0130 UTC (6.0 µb s-1) and the peak shifted upward from 

800 to 600 hPa. 

At 0000 and 0130 UTC, the slopes of the axes of maximum downward motion and 

upward motion for the entire system were nearly vertical. This structure is in agreement 

with radar observations showing that the stratiform region was still quite narrow and the 

system was not expanding rapidly. 

From 0300 to 0430 UTC, the squall line was in its dissipating stage. The upward 

motion within the convective region decreased from about 29.6 µb s-1 at 0130 UTC to 

23.5 µb s-1 at 0300 UTC, and to 17.8 µb s-1 at 0430 UTC. Strong downward motion 

can be clearly noticed to the rear of the system with peak values of 10.1 µb s-1 at 0300 

UTC and 8.5 µb s-1 at 0430 UTC. The slope of the axes of maximum downward motion 

increased at the back edge of the squall line. Between 750 and 800 hPa about 300 km 

to the rear of the system, there was a second peak of downward motion, which might 

be associated with the cold front although it did not appear at earlier times. Downward 

motion also occurred ahead of the system, which may have resulted from the compensating 

flow associated with the MCS. 

Figure 4.9 shows the vertical profiles and time evolution of vertical motion in the 

convective region averaged over both Kansas and Oklahoma. Similar to other studies of 

tropical and mid-latitude squall lines (Gamache and Houze 1982; Johnson 1984; Frank and 

McBride 1989; Gallus and Johnson 1991), strong upward motion dominated throughout 
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most of the troposphere in the convective region. The peaks of upward motion for different 

budget times were generally located between 550 to 600 hPa, a result similar to the 10-11 

June case (Gallus and Johnson 1991). However, the magnitudes were much smaller than 

those in Ogura and Liou (1980) and Gallus and Johnson (1991) due to the narrowness and 

weakness of the squall line. The magnitudes of cumulus updrafts in the convective region 

gradually increased and reached 26.0 µb s-1 at 0130 UTC, and then slowly decreased. 

There was almost no indication of the effect of the low-level cold front on the vertical 

velocity evolution in the convective region. 

In the stratiform region (Figs. 4.10a and b) , vertical motion above the melting level 

between 600 and 250 hPa was dominated by mesoscale ascent in the anvil cloud. The 

level of maximum ascent was located at about 450 hPa, which was much lower than that 

determined in the 10-11 June case (350 hPa) (Gallus and Johnson 1991). This is probably 

due to weaker stratiform region in this case and the features in the convective region being 

smoothed into the stratiform region so that the level of maximum rising in the stratiform 

region shifted a little downward. The peak upward motion increased from the developing 

stage and reached the maximum intensity (15.0 µb s-1 ) at 0130 l TC, and then gradually 

decreased during the decaying stage. At low levels, due to the influence of rear-to-front 

inflow and mesoscale downdrafts , the magnitudes of weak upward motion slowly decreased 

and turned into downward motion at 0430 UTC below 650 hPa. 

Figure 4.11 shows the vertical profiles and time evolution of vertical velocity averaged 

over the entire system. From 2100 to 0300 UTC, the vertical profiles were quite similar 

to each other with peak upward motion over 15.0 µb s-1 centered between 500 and 550 

hPa. Prominent changes took place during the dissipating stage when the developing 

stratiform region imposed more influence on the squall line. As illustrated in Fig. 4.3f, 

the rear-to-front flow descended from 200 km behind the leading edge into the system, and 

the mesoscale downdrafts gradually strengthened as the stratiform region developed. The 

upward motion at low levels during the dissipating stage rapidly decreased. At 0430 UTC, 

the system-averaged vertical motion was generally downward below 700 hPa. Above 700 

hPa, the vertical motion during the dissipating stage was generally dominated by upward 
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motion. The peak magnitude only weakened a little (14.0 µb s-1 at 0430 UTC) and was 

still located at middle levels around 500 hPa. Weak downward motion was present at the 

top at some times, similar to the results found by Balsley et al. {1988) and Johnson et al. 

{1990). 
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Chapter 5 

THE HEAT AND MOISTURE BUDGETS 

The kinematics and structure of the 26-27 June sq all line differed from typical sym-

metric, fast-moving squall lines with extensive trailings ratiform regions , such as the 10-11 

June PRE-STORM case. These differences , as discussed earlier, can lead to differences 

in the heating and drying patterns from other cases, and in turn, may also modify the 

large-scale environment in a different way. 

Hertenstein and Schubert (1991) compared the po ential vorticity patterns within the 

10-11 June case (at 0600 UTC when the squall line was in its late mature and decaying 

stages and was characterized by an extensive trailing stratiform region) and the 26-27 

June case (at 0000 UTC, when the squall line was at its developing and early mature 

stages and was generally dominated by the convective region). They found that there 

was a large, positive PV anomaly located at midlevels with negative anomalies in the 

upper and low levels in the 10-11 June case. In contrast, the 26-27 June squall line left 

the positive PV anomaly at low levels and a negative anomaly in the upper troposphere. 

Their model results suggest that different heating functions induced by various squall 

lines may have different effects on the system-associ ted mass and wind fields , and also 

their subsequent evolution. Thus, the main objective of this chapter is to illustrate the 

heating and moistening features of the 26-27 June squall line, show the differences in 

the evolution of the heating and moistening profiles for t he convective and stratiform 

regions, compare the vertical profiles to other midlatitude and tropical cases, and check 

the budget-calculated rainfall rates with surface observational rainfall data. 
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5.1 Spatial and temporal evolution of t he heat budget 

The contribution to the apparent heat source Qi comes mainly from three different 

mechanisms: radiative heating or cooling, latent heating or cooling, and vertical eddy heat 

flux (refer to Eq. 2.1) . 

The vertical cross-sections of Qi averaged over the entire squall line at six budget 

times are illustrated in Figure 5.1. Consistent with the evolution of vertical velocity 

throughout the life cycle of the squall line, the levels of peak heating remained almost the 

same (centered at about 550 hPa) , which is lower than that found in the 10-11 June case 

(400 hPa) (Gallus and Johnson 1991). The approximation of Q1 ex -w found by Houze 

(1982) and Johnson and Y, ung (1983) is quite evident in this case. The maximum heating 

rate (near the leading edge) increased from abo t 5.5 °C h-1 at 2100 UTC to 5.9 °C h- 1 

and 6.0 °C h- 1 at 223V and 0000 UTC and reached nearly 7.2 °C h- 1 at 0130 UTC (the 

developing and mature stages) , and then decreased to 6.0 °C h- 1 at 0300 UTC and less 

than 4.2 °C h-1 at 0430 UTC (the dissipating stage). In agreement with the observation 

showing that the squall line remained narrow, the tilting of the vertical heating band 

was very small during the period of study except at 0300 and 0430 UTC. At the back 

edge of the squall line, evaporational cooling occurred through nearly the whole depth 

of the troposphere except at 2100 UTC, at which time there was relatively weak heating 

at middle and low le\8ls. There were two cooling peaks to the rear of the system at 

middle and low levels, respectively. As time progressed, the cooling rate of the higher 

peak increased and the level rose from 650 hPa up to 550 hPa, a level similar to that 

found by Gallus and Johnson (1991). 

As depicted on thE radar map (Fig. 4.lb) , there was a 40 ~ 70-km-wide stratiform 

region behind the convective line over Kansas at 2100 UTC. Some features of the stratiform 

region can be seen at the back edge of the squall line in the system-averaged vertical cross 

section (Fig. 5.la). However, some of the heating at 2100 UTC to the rear of the system 

(150 - 300 km) may not be real , but rather a result of aliasing into a region with little 

data. At other times , the squall line was well covered by data. 
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Studies of the vertical heati g profiles in the convective region of mesoscale convec-

tive systems have placed the heating peak anywhere from the low to middle troposphere 

{Houze 1989). Houze pointed out that the variation in the level of peak heating may be 

accounted for by the natural variability in the convective heating profiles from one type of 

organized convective system and/or large-scale environment to another. The 26-27 June 

case, in which the system was dominated by the convective region during the early stages, 

provided some evidence of heating features within the convective region. Figure 5.2 shows 

the vertical profiles of Q1 and the evolution in the convective region from 2100 to 0300 

UTC. Latent heating (including condensation, deposition and freezing) can be seen to be 

dominant within a deep layer between 875 and 300 hPa. In common with other stud-

ies (Houze 1982; Johnson 1984), the heating peak in the convective region was located 

at middle levels (about 550 hPa in this case) and the magnitudes remained quite con-

stant throughout the developing, mature, and the dissipating stages. Weak evaporational 

cooling occurred at low levels below 900 hPa with similar magnitudes between 0.5 ~ 1.0 

oc h-1 . 

Figure 5.3 exhibits the vertical profiles and time evolution of the Q1 field in the 

stratiform regio from 2230 to 0430 UTC. Heating released primarily by condensation 

and deposition induced by mesoscale updrafts within the anvil clouds is apparent between 

600 and 200 hPa. During 2230 and 0000 UTC, the peak heating was centered at about 

550 hPa. It was likely that some features of the con\'ective region might be aliased into 

the profiles since the stratiform region was quite narrow at these times. At later times, the 

peak shifted upward slightly and was generally located between 450 and 475 hPa. Below 

650 hPa, very weak heating was present from 2230 to 0130 UTC. By 0300 and 0430 UTC, 

there was weak cooling due to evaporation and melting with the peak centered between 

700 and 800 hPa, a result similar to those determined by Houze (1982) , Johnson and 

Young(1983) and Johnson (1984). 

Houze (1982) and Johnson (1984) found that the convective and stratiform regions 

have distinctly different contributions to the large-scale latent heat budget. In the convec-

tive region, strong condensation, depos' tion and freezing resulting from cumulus updrafts 
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dominate through the full depth of the troposphere and the heating peak is generally lo-

cated at middle level . In the stratiform region, condensation and deposition take place in 

mesoscale updrafts a middle and high levels, evaporation occurs in mesoscale downdrafts 

at low levels and melting occ s near the 0° level. The heating profiles usually show a 

heating peak at high levels (about 400 hPa) and a cooling peak at low levels (near 700 

hPa). 

Figure 5.4 shows the vertical Q1 profiles and their time evolution averaged over, the 

entire system from 2100 to 043 UTC. The contribution to the Q1 profiles at early times 

(2100 to 0130 UTC) oainly came from the heating in the convective region. The heating 

peak was generally located at middle levels (between 500 and 550 hPa). At later times 

(0300 to 0430 UTC) , : he heating rate gradually decreased and became negative between 

700 and 975 hPa, which indicated increasing evaporational cooling resulting from the 

stratiform region and the weakening convective line. The heating peak at middle levels 

moved slightly higher, but was still lower than those found in the 10-11 June case (Gallus 

and Johnson 1991) in which the .stratiform region was more than three times as extensive 

as the convective regio::1. In that case, the upper level heating feature from the stratiform 

region dominated the system average. Another important reason for the midlevel heating 

peak for the entire system might be that the 26-27 June case had weaker updrafts compared 

to the 10-11 June case. Johnson and Hamilton (1988) calculated the convective available 

potential energy (2300 :n2 s-2 at station PTT at 2230 UTC) (CAPE; Moncrieff and Miller 

1976; Weisman and Klemp 982) in the 10-11 June case. In the 26-27 June case, the CAPE 

values for stations were generally smaller and most of them were below 1700 m2 s-2 (e.g. , 

1675 m2 s-2 for station OKC at 2300 UTC 26 J ne) . Thus the released latent heat was 

primarily concentrated at middle levels. 

It is interesting to notice that above 200 hPa heating was diagnosed at 2100 and 2230 

UTC (during the afternoon) and this heating turned into cooling (maximum roughly -0.6 

°C h-1 ) after 0000 UTC (around sunset). The evolution and magnitudes of Q1 within the 

entire system are quite consistent with the expected radiative effects at the top of clouds 

(radiative warming in the afternoon and cooling in the evening, e.g. , Webster and Stephens 
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1980). However, in the 26-27 June case, the upper level features should be viewed with 

caution since they were near the highest level; real features might be distorted by paucity 

of sounding data at high levels and the calculation method of vertical velocity. 

Dividing the heating rateE by observed precipitation rates, we can get normalized 

rates which make it possible to compare vertical profiles among different cases. Figure 

5.5 compares the normalized heating rates for the entire system in the 26-27 June case 

to several other tropical and midlatitude convective systems. Curve GJ (from Gallus 

and Johnson 1991) was determined from the well-organized 10-11 June PRE-STORM 

squall line case during the late mature through decaying stages, in which a more extensive 

stratiform region (rm.:.ghly 160 km wide) trailed the convec · ive region. Curve Y (from 

Yanai et al. 1973) and curve T (from Thompson et al. 1979) were both estimated from 

tropical cases. The former is from the Pacific Marshall Islands and the latter is from 

the eastern Atlantic GATE area. The results of this study resemble those from Gallus 

and Johnson (1991) except the level of peak heating is much lower in this case. Both 

midlatitude studies show a pronounced effect of evaporative cooling at low levels. The 

depth of this low level cooling progressively increased as the s uall line decayed. In 

the tropics, since air normally contains more water vapor and cloud bases are lower, 

evaporational cooling is smaller than in midlatitude cases. Therefore, both curves Y 

(Yanai et al. 1973) and T (Thompson et al. 1979) show heating at low levels instead of 

the weak cooling shown in the PRE-STORM cases. 

As Houze (1982) pointed out, the middle level maximum heating in the convective 

region combined with the upper level peak heating in the stratiform region form a system-

averaged heating peak etween middle and high levels. The 10-11 June case (curve GJ) 

had a higher heating J)€ak (at about 400 hPa) than the 26-27 June case (between 500 

and 550 hPa). The former case was generally dominated by the stratiform region during 

the late mature and decaying stages, while in the latter case the system-averaged heating 

primarily came from the contribution of the convective region during the early times 

and from the contribution of both the convective and stratiform regions at later times. 

However, the levels of the heating peak turned out to be quit e constant. The heating 
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peak of curve Y is located at about 450 hPa, just between the above two curves. Curve 

T has a lower heating peak which is located at about 600 hPa, which Thompson et al. 

{1979) attributed to the different cloud population under the influence of local large-scale 

environment in the GATE re6ion. The above analyses provide some indication that the 

actual location of th heating peak in the vertical for the entire convective system depends 

on the large-scale environment, the strength of updrafts , and also depends significantly on 

the relative area covered by the stratiform region and the convective region in the entire 

system. 

Johnson and Young (1983), using WMONEX sounding data at 6-hour intervals from 

three ships, calculated the co:nponents of the heat and moisture budgets. They found 

the vertical advecticn term is the primary contributor to the Q1 and Q2 budgets. With 

more intense PRE-STORM so1.:.nding data and shorter time intervals, the components were 

calculated to check the results in this midlatitude squall line. The system-averaged vertical 

profiles of each comi:onent of Q1 shown in Figure 5.6 reaffirmed their conclusion that the 

storage term and horizontal ad,,ection term are small compared to vertical advection term 

throughout most of the troposphere. However, at low levels near the surface, where the 

vertical advection term approa hes zero, the storage and horizontal advection terms play 

a more important role. Cooling rates of~ 1.0 - 2.0 °C h- 1 occurred at low levels in the 

profiles of the storage term, while heating rates of ~ 0.5 - 1.0 °C h- 1 can be noticed 

in the profiles of the horizontal advection term. It can be clearly seen that the low level 

cooling near the surface which is uniquely found in midlatitude MCSs mainly results in 

this case from the net effect of the storage and horizontal advection terms. This result 

is associated with the low level frontal nature of the system. The horizontal advection 

term shows cold advection connected with the front, but the loc temperature change is 

slightly larger, indicating the pronounced cooli g effects of rainfall evaporation. 

5.2 Spatial and temporal evolution of the moisture budget 

Q2 is a measure of the drying when water vapor condenses into liquid water or ice, 

the moistening when liquid water evaporates i to vapor, and vertical divergence of the 
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eddy moisture flux (refer to Eq. 2.2). Since the radiative effect does not appear in the 

Q2 equation, it might be expected that Q2 can better depict the latent heat evolution 

process within convective systems than Q1, except that water vapor is difficult to measure 

accurately everywh re. 

The vertical cross sections for the Q2 field are delineated in Figure 5.7. Because 

water vapor is basically concentrated at middle and low levels and is easily modified by 

local small scale motion, the soundings may occasionally show narrow dry or moist layers. 

Compared to the Q1 field, in which the variability of dry static energy affected by the 

local small scale features is not so large, the Q2 field is noiser. However, quite consistent 

features are still present in this case. 

At 2100 UTC (Fig. 5.7a), near the leading edge, condensational drying can be clearly 

noticed within a vertical band about 100 km wide. There were two drying peaks shown in 

this vertical band, similar to those revealed in other budget studies. The larger one (4.1 

°C h- 1 ) was located at 475 hPa 60 km behind the leading edge and the other one (4.0 

°C h- 1 ) about 200 hPa ' elow. At high levels (nearly 350 hPa) , similar to that shown in 

Q1 field , Q2 exhibited a drying extension at 150 km behind the leading edge. 

Negative values 5enerally dominated to the rear of the system, indicating the moisten-

ing due to evaporation of iquid water in the atmosphere and at the surface. An interesting 

feature is the rearward extension of apparent drying at 725 hPa just at the back edge of 

the system at 2100 UTC. At the same time, evaporational moistening of similar magni-

tude extended from 700 hPa, 400 km behind the leading edge down into the rear of the 

system. This structure is probably due to the low-level cold front, which gradually caught 

up with the squall lin _, forcing the air mass with abundant water vapor content ahead of 

the front to rise along the front. The water vapor condensed into liquid water by adiabatic 

cooling, resulting in the rearward drying feature. Although liquid water might form at 

this position, strong evaporation in the dry atmosphere behind the cold front at low levels 

almost completely evaporated it before reaching the surface. Therefore, there was little 

precipitation at the surface. 

The 26-27 June squall line exhibited a comp icated and asymmetric evolution pattern. 

At 2230 UTC (Fig. 5. 7b) , as the stratiform region over Kansas gradually dissipated, the 
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Figure 5.7: Apparent moisture sink Q2 (in °C h- 1 ) at a) 2100 UTC, b) 2230 UTC,c) 
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approximately illustrated by isentropes 300 K and 305 K. Arrow marks the leading edge. 
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features from the convective region dominated the entire system. The larger drying peak 

(7.0 °C h- 1 ) now was located at 700 hPa. The middle level drying peak weakened 

(about 3.0 °C h- 1 ) and was located at 450 hPa. To the rear of the system, evaporational 

moistening occurred from 500 hPa to the surface. At 2230 UTC, the region of drying 

resulting from uplifting of moist air along the cold front can still be noticed above 750 hPa 

while evaporational moistening resulting from the cold front was present below. However, 

a similar structure was not observed in the Q1 field. 

At 0000 UTC (Figure 5.7c), the larger drying peak was still located at low levels 

between 700 and 800 hPa, but the drying at middle levels became quite uniform. The 

middle level drying peak was not prominent. 

As the system evolved into its mature and dissipating stages at 0130 and 0300 UTC, 

both the peak drying rates at low and middle levels increased and a double-peak structure 

became prominent again in the vertical. The larger peak was located at roughly between 

750 and 700 hPa with a magnitude of 8.1 °C h- 1 at 0130 UTC and 10.0 °C h-1 at 0300 

UTC. The second peak was located at 550 hPa and reached 6.3 °C h- 1 at 0130 UTC and 

5.1 °C h- 1 at 0300 UTC. Since the system remained quite narrow, tilting was not appar-

ent. Similar to the 10-11 June case (Gallus and Johnson 1991), the Q2 field was usually 

displaced forward during the dissipating stage. The reason is that since the convective 

region was near the edge of sounding network, the features within the convective region 

were smoothed forward. At 0430 UTC, the double drying peaks weakened significantly. 

As discussed in the last section, many studies have noticed that the Q1 profile has 

a good corresponding relationship with vertical velocity (Houze 1989) . Since the vertical 

advection term generally dominates Q1 , it indicates that 8s/ 8p is nearly constant. Actual 

observations confirmed the quasi-linear relationship between dry static energy and pressure 

throughout most of the troposphere. Q2 differs from Q1 since moisture is much more 

sensitive to cumulus convection and the term 8q/8p may vary significantly, particularly 

in the middle to lower troposphere. 

The vertical profiles and time evolution of Q2 averaged over the convective region 

are illustrated in Figure 5.8. Within the convective region, the Q2 profiles are generally 
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noisier than the Q1 profiles and have larger variations. Drying is shown at almost all 

levels and there is li~tle indicat ion of moistening near the surface, although the Q1 profiles 

suggested evaporational cooling there. The larger drying peak at different times was 

generally located at about 700 hPa, about 150 hPa lower than Q1 heating peak, indicative 

of strong deep convection (Luo and Yanai 1984). 

At 2100 UTC, the peak drying value was around 4 °C h- 1 and was quite uniform 

between 600 to 750 hPa. Similarly, the Q2 profile also showed uniform drying between 

550 and 850 hPa at 0000 UTC. At 2230 UTC, a strong drying peak (7.1 °C h-1 ) was 

shown around 700 hPa. There was also a secondary drying peak located at 450 hPa, but 

its magnitude was much smaller than the lower one. Thus, during the early stage, the 

double-peak structure was not as pronounced, although a uniform drying rate was shown 

at middle and low le·1els at 2100 and 0000 UTC. 

At later times (C130 to 0300 UTC), there was a drying minimum developing between 

600 to 675 hPa, as found in many tropical and midlatitude budget studies (Reed and 

Recker 1971; Yanai ~t a:. 1973; Johnson 1976; Frank and McBride 1989; Gallus and 

Johnson 1991; Johns,)n and Bresch 1991; etc). It seems that the drying minimum split 

the drying peak and resulted in the double drying peak structure at 750 and 500 hPa, 

respectively. 

The vertical prof.le of Q2 averaged over the entire system (Figure 5.9) resembles Fig. 

5.8. However, some differences can still be noticed. Similar to the Q1 profiles, almost all 

the Q2 profiles show evaporational moistening near the surface. At 0430 UTC, both the 

Q1 and Q2 profiles sh,)w heating or drying at middle and high levels and weak cooling or 

moistening at low levels. They compare very well to each other. 

During the evolution of the 26-27 June squall line, although the convective region and 

the stratiform region c,)existed, the convective region generally dominated the contribution 

to the entire system except at the dissipating stage. This is confirmed by the apparent 

separation of the Q1 and lower Q2 peaks which Luo and Yanai (1984) suggested as an 

indicator of deep convection. 

Although the relationship between the separation of the Qi and lower Q2 peaks 

and deep convection has been clarified by a number of budget studies, the cause for the 
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mid-tropospheric drying peak is still under investigation. Johnson (1984) proposed that 

the double-peak Q2 structure is a result of the combination of two distinctly different 

drying processes. He suggested that the lower peak is a result of cumulus updrafts in 

the convective region while the higher one comes from the mesoscale updrafts within 

anvil clouds. This hypothesis is supported by the resu1ts of Esbensen et al. (1988) and 

Gallus and Johnson {1991). Recently, the importance of vertical eddy transport of water 

vapor in the Q2 profile has been investigated (Tao and Soong 1986; Dudhia and Moncrieff 

1987; Lafore et al. 1988; Chong and Ha ser 1990) . Dudhia and Moncrieff {1987) and 

Lafore et al. (1988) suggested a different interpretation of the double-peak Q2 structure. 

Their results showed that the vertical convective eddy transport of water vapor can play 

an important role on Q2 profiles and may cause the higher drying peak in the double-

peak structure. Although the exact nature of the mid-tropospheric drying peak of Q2 

profiles is still unclear, it is assumed that the coexistence of the convect ive and stratiform 

precipitation or strong eddy transport of water vapor by deep convection or a combination 

of both may result in the structure (Johnson 1992). 

Convection was most intense during the early stage of the 26-27 June squall line. At 

2230 UTC, the apparent separation of the Q1 peak (500 hPa) and both Q2 peaks (about 

700 and 450 hPa) implied deep convection and suggested that the contribution from the 

stratiform region was small. This is confirmed by radar echo and surface observational 

rainfall data which showed a narrow stratiform region trailing the convective region. It 

seems that the mechanism of vertical eddy transport of water vapor (Tao and Soong 1986; 

Dudhia and Moncrieff 1987; Lafore et al. 1988; Chong and Hauser 1990) is appropriate to 

be applied here. The interpretation at 2100 and 0000 UTC is a little more difficult , since 

a 40 - 70 km wide dissipating stratiform region trailed the convective line over Kansas at 

2100 UTC and the stratiform region gradually developed to the rear of the system at 0000 

UTC. Although the low level drying peak was still uite intense, which indicates deep 

convection as proposed by Luo and Yanai (1984), the Q2 profile was relatively uniform at 

middle and low levels compared with that at 2230 UTC. There was no apparent drying 

peak to coincide with the Q1 peak at 550 hPa. During these two times, both mechanisms 

suggested above may be combined to produce the above uniform feature. 
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During the mature and dissipating stages of the squall line (0130 to 0300 UTC), 

not only was there a large drying peak at 700 hPa, but the mid-level Q2 peak was also 

coincident with the Q1 peak at about 500 hPa. This is consistent with the radar echo and 

surface rainfall obsenration showing that the stratiform precipitat ion gradually developed 

and coexisted with the convecfve precipitation during the later times. It is believed that 

the mid-level drying peak is mainly caused by the stratiform region. 

Figure 5.10 compares the normalized profiles of Q2 averaged over the entire system 

with some other tropical and midlatitude cases. In the 10-11 June PRE-STORM case 

( curve GJ) , the system was at the late mature and dissipating stages, and the squall line 

was characterized by an extensive stratiform region (about 160 km wide). The midlevel 

drying peak resulting mainly from the mesoscale updrafts within the stratiform region was 

very pronounced and was located at about 450 hPa. The low level drying peak resulting 

from convective updrafts , altho gh it can be noticed, was quite weak and located at 825 

hPa. In the 26-27 Jur_e case, the system showed a different evolution from the developing 

and mature, through the dissipating stages. At the developing and early mature stages, 

the convective region dominated the contribution to the entire system. The maximum 

drying peak, which resulted from convective updrafts, was located between 700 and 750 

hPa. At the late ma: ure and dissipating stages (0130 to 0300 UTC), the double-peak 

structure became apparent and the magnitude and position were quite similar to the Y 

curve (Yanai et al. 1973). At 0430 UTC, the low level drying peak decreased rapidly. 

Weak moistening was dominant below 750 hPa to the surface. The middle level drying 

peak became prominent and was located at a similar position as the 10-11 June case (GJ 

curve) (Gallus and Johnson 1991). 

5.3 Comparison of diagnosed and observed rainfall rates 

By integration of Q1 and Q2, the diagnosed rainfall rates can be determined from 

the large scale budget study. They can be used to compare with the actual rainfall rates 

observed from surface PAM and SAM stations to check the reliability of the budgets. Many 
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previous budget studies have been unable to perform these checks due to limitations in 

both sounding and su::-f ace data. 

For the 26-27 June squall line, radiative effects and surface sensible and latent heat 

fluxes are considered small compared to the large condensation/ evaporation terms so that 

their effects are neglected. However, the liq · d water storage term is not necessarily 

small, especially during the organizing and developing stages of the squall line (Gallus 

and Johnson 1991). Due to strong cumulus updrafts and an expanding cloud field , part of 

the condensate may remain within the clouds and not fall to the ground as precipitation. 

Some portion may stay at the same place, while some may be transported elsewhere by 

the system-relative fl.ow. It may fall to the ground as precipitation at later times when 

the updrafts become weaker. This feature can cause some inconsistencies during the 

comparison of the predicted and observed rainfall rates (McNab and Betts 1978; Johnson 

1980). 

Figure 5.11 shows the observed surface rainfall rates at six budget t imes, which were 

derived from accumulated rainfall data and averaged over a 20-minute period centered 

at each budget time. Because of measurement errors and the influence of small scale 

phenomena, the observed rainfall rates occasionally exhibit irregular patterns, as found in 

many rainfall data analyses. A subjective analysis was applied to perform contouring. 

At 2100 UTC (Fig. 5.lla), it can be clearly noticed that there were two separated 

large rainfall rate band3 along the leading edge over Kansas and Oklahoma. The maxi-

mum rainfall rates exceeded 40 and 30 mm h- 1 , respectively. There was also a circular 

maximum on the Oklalwma side near the border of these two regions. The system asym-

metry is quite evident at this time. Over Oklahoma, the squall line was dominated by 

the convective region, and the stratiform region trailing the convective line (with rainfall 

rate less than 6 mm h-1 ) was quite narrow. Over Kansas, the width of the stratiform 

region was similar to that of the convective region. By 2230 UTC (Fig. 5.llb) , both of the 

rainfall rate bands over Kansas and Oklahoma weakened, with maximum values of about 

30 and 20 mm h- 1 , respectively, while the circul r rainfall rate maximum shown at the 

previous time evolved into a band structure and merged with the one over Kansas. With 
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(a) 

0 

Figure 5.11: Observed rainfall rates (in mm h- 1 ) for the PRE-STORM region using PAM 
and SAM mesonet data at a) 2100 UTC, b) 2230 UTC, c) 0000 UTC, d) 0130 UTC, e) 
0300 UTC, f) 0430 UTC. 
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Figure 5.11: Continued. 
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Figure 5.11: Continued. 
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Figure 5.11: Continued. 
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Figure 5.11: Continued. 
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the peak rainfall rates over Kansas further decreasing at 0000 and 0130 TC (Figs. 5.llc 

and d) , the precipitation bands changed from three to two and were generally located in 

the Oklahoma region with the larger band at the southwest end of the squall line. The 

stratiform region developed to the rear of the convective region and had almost the same 

width as the convective region in Oklahoma at these two times. When the system evolved 

into the dissipating stage at 0300 and 0430 UTC {Figs. 5.lle and f), it turned out that the 

rainfall rates increased again, indicative of the large variability of the system evolution. 

On the other hand, the increase could also be an artifact of the coarse resolution of the 

surface mesonet, such that some intense rainfall values at 0130 UTC were not resolved. 

During the dissipating stage , the entire width of the squall line increased and the rain-

fall rate pattern became relatively symmetric. However, the stratiform region still had a 

similar width to the convective region. 

Similar to the works by Chen and Zipser {1982), Kuo and Anthes {1984) and Gallus 

and Johnson (1991) , comparisons of diagnosed and observed rainfall rates were performed 

for six budget times. Figures 5.12 and 5.13 illustrate the precipitation rates predicted 

from the heat and moisture budgets, respectively. 

At 2100 UTC {Figs. 5.12a and 5.13a) , consistent with the two large rainfall rate bands 

in the observed data, the diagnosed rainfall rates exhibited two peaks similarly-located 

over Oklahoma and Kansas, respectively. Since cumulus-scale features can not be fully 

resolved by the sounding data, the predicted rainfall rates were largely underestimated and 

the peak values were only about 30 % to 40 % of the observed , agreeing with the results 

of Gallus and Johnson (1991). Ahead of the squall line, negative values can be noticed 

along the leading edge, which indicated pre-squall evaporation. The leading edge was well 

defined by the predicted rainfall rates compared to radar echo and observed rainfall rates. 

At 2230 UTC (Figs. 5.12b and 5.13b) , the rainfal rates calculated from the heat and 

moisture budgets compared well with each other in terms of magnitudes and positions. 

There were still two peak values over Oklahoma and Kansas with maximum magnitudes 

about 30 % of the observed. Evaporation can be noticed to the rear of the system. 

Rather strong evaporation persisted over the northeast corner of Kansas from 2100 

to 0130 UTC. Although some of it may not be real since it was near the edge of network, 
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Figure 5.12: Predicted rainfall rates (in mm h- 1 ) from the vertically integrated heat 
budget at a) 2100 CTC: b) 2230 UTC, c) 0000 UTC, d) 0130 UTC, e) 0300 UTC, f) 0430 
UTC. 
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(e) 0300 UTC (f) 0430 UTC 

Figure 5.12: Continued. 
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Figure 5. 13: As in Fig. 5.12 , except for the vertically integrated moisture budget . 



84 

(e) 0300 UTC (f) 0430 UTC 

Q 
3 . 16 

/, 
\ ... 

-H .1 
-.551 , 

Figure 5.13: Contin ed. 



85 

part of it may account for the continuing dissipation of the squall line over Kansas. The 

main part of the system moved into Oklahoma after 0000 UTC. At 0130 UTC (Figs. 5.12d 

and 5.13d), the 2-ieat and moisture budgets diagnosed very similar peak rainfall rates to 

the observed (although as noted, the observed may have been underestimated). 

As the system evolved into the late ature and dissipating stages at 0300 a.nd 0430 

UTC (Figs. 5.12e and f and 5.13e and f) , "negative precipitation" or an excess of evapo-

ration over condensation can be clearly seen behind the system. The peak rainfall rates 

estimated from Q1 and Q2 reached 50 % of those observed. However, they were displaced 

forward compared to the radar echo (Figs. 4.2f and g) . One possible reason for this for-

ward displacement is that the leading edge of the system was near the edge of sounding 

network, so features from within the system were smoothed forward during the objective 

analysis. 

Table 5.1 compares the rainfall rates diagnosed from the heat and moisture budgets 

to those observed in the convective region from 2100 to 0300 UTC. Since the convective 

system remained narrow and there was no clear separation between the convective and 

stratiform regions, together with that the system was not well organized, large variation 

may occur. From fae developing and mature to the dissipat ing stages, the observed rainfall 

rates increased fron 9.0 mm h- 1 at 2100 UTC to 10.7 mm h- 1 at 2230 UTC and reached a 

maximum (10.9 mm h- 1 ) at the mature stage {0000 UTC), then decreased to 9.4 mm h-1 

at 0130 UTC. At (300 UTC, however, the rainfall rate increased again (10.3 mm h-1 ). 

Although some errors may exist in the accumulated rainfall data and during the process 

of calculating the averaged rainfall rates, the observed rainfall rates generally remained 

between 9.5 and 11.0 mm h- 1 . This indicates that the variation of the average intensity 

of the convective system was not large throughout the entire study period, differing from 

the 10-11 June case which shawed an apparent decrease during the dissipating stage. 

The predicted rainfall rates from integration of Q1 and Q2 underestimated the ob-

served rates by 20 % to 40 % in the convect:ve line. This percentage in the convective 

region is a little better than tb.at found in the 10-11 June case. In the 10-11 June case, 

the dominant features of the stratiform region might be aliased into the convective region. 
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II Time I J Qi dp (mm h-1 ) I J Q2 dp (mm h-1 ) I Observed (mm h-1 ) II 
2100 Z 7.6 6.3 9.0 
2230 Z 7.3 8.3 10.7 
0000 Z 5.9 6.6 10.9 
0130 Z 6.7 5.3 9.4 
0300 Z 6.5 6.8 10.3 

Table 5.1: Comparison of rainfall rate predictions (in mm h-1 ) from the integrated heat 

and moisture budgets with observed rainfall rates over the convective region from 2100 to 

0300 UTC. 

II Time I J Q1 dp (mm h- 1 ) I J Q2 dp (mm h- 1 ) I Observed (mm h-1 ) II 
2230 Z 2.2 3.6 3.6 
0000 Z 2.3 0.8 3.6 
0130 Z 2.8 2.3 3.6 
0300 Z 3.5 2.3 3.4 
0430 Z 2.7 1.0 4.7 

Table 5.2: Comparison of rainfall rate predict ions (in mm h-1 ) from the integrated heat 

and moisture budgets with observed rainfall rates over the stratiform region from 2230 to 

0430 UTC. 

II Time I J Q1 dp (mm h-1 ) I J Q2 dp (mm h-1) I Observed (mm h-1) II 
2100 Z 6.3 5.1 6.6 
2230 Z 5.4 6.7 7.6 
0000 Z 5.3 5.1 6.9 
0130 Z 5.5 4.2 5.9 
0300 Z 4.7 4.0 6.5 

Table 5.3: as Table 5.1 except for the entire system. 
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The underestimation is mainly due to inadequate resolution of the convective line by the 

sounding networi.c 

Comparison of the rainfall rates in the stratiform region from 2230 to 0430 UTC is 

presented in Table 5.2. The observed rainfall rates from 2230 to 0300 UTC are generally 

around 3.5 mm 1:.-1 , which are similar to those found in the 10-11 June case. At 0430 

UTC, the rainfall rate reached 4.7 mm h-1 . 

From 2230 to 0300 UTC, the rainfall rates predicted by integration of Q1 in the 

stratiform region turned out to be quite stable and were generally 0.5 ~ 1.0 mm h-1 

smaller than those observeci. However, the rainfall rates diagnosed by integration of Q 2 

had relatively large variatior_s. At 0430 UTC, both predicted rainfall rates underestimated 

the observed rate by 2 to 3 mm h- 1 . One explanation for this discrepancy between the 

predicted and observed rainfall rates is the rearward transport of hydrometeors (Rutledge 

and Houze 1987; Gallus and Johnson 1991) and storage effect (McNab and Betts 1978; 

McAnelly and Cot-:;on 1990) . However, since the stratiform region remained narrow in the 

26-27 June case throughout t e system evolution, the resolution problem and errors should 

have more effect on the rainfall rate prediction. Caution must be taken when considering 

the stratiform region. 

In order to miLimize the problems of inadequate sounding resolution and occasionally 

extremely large rainfall rate values at a single grid point, the rainfall rates averaged over 

the entire system were compared from 2100 to 0300 UTC (Table 5.3). As the system 

evolved, the observed rainfall rates increased from 6.6 mm h- 1 at 2100 UTC and reached 

the maximum 7.6 mm h- 1 at 2230 UTC, then began to decrease to 6.9 mm h- 1 at 0000 

UTC and 5.9 mm h- 1 at 0130 UTC. At 0300 UTC, the observed rainfall rate increased 

again (6.5 mm h- 1 ). The diagnosed rainfall rates are generally 1 to 2 mm h-1 smaller 

than the observed rates . Both the observed and predicted rainfall rates are relatively 

stable although there are some fluctuations. This indicates that although the stratiform 

region gradually developed to the rear of convective line, the production of rain by the 

entire convective system remained relatively constant. 

In general, altho·.1gh there was underestimation due to resolution, the predicted values 

from Q1 and Q2 agreed fai rly well with the rad r echoes and the observed rainfall rates in 
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terms of position and magnitudes. It may be improved if the sounding and surface stations 

had similar resolution. The rainfall rate predicted from the heat budget is generally 0.5 

~ 1.0 mm h-1 better than that from the moisture budget in this case especially for the 

entire system, supporting the results of Gallus and Johnson (1991) for the 10-li June case 

showing that Q1 was a better predictor of rainfall rate. 

As illustrated in Eq. (2.5), the discrepancy between the actual precipitation rate and 

the diagnosed precipitation rate is basically determined by the temporal and spatial vari-

ation of Px, the combination of volume integrations of net ice phase changes, convergence 

terms of horizontal eddy flux and surface terms, which can not be determined directly 

from conventional sounding data; and Pu the errors resulting from data grid selection, 

smoothing scheme, distribution of sounding stations, st rage effect and hydrometer trans-

port by system relative flow. In the convective region, it appeared that the resolution 

problem mainly resulted in the discrepancy. However, in the stratiform region, it becomes 

much more complicated. For an extensive stratiform region, such as the 10-11 June PRE-

STORM case, the resolution problem i not so large (Gall s and Johnson 1991). The 

discrepancy can be basically explained by the storage effect and hydrometer transport 

from the convective region. For a narrow stratiform region, such as the early stages of the 

26-27 June case, the resolution problem can act as an equally important factor in affecting 

the discrepancy. 



Chapter 6 

MOMENTUM BUDGET 

As discussed in previous chapters, the 26-27 June squall line was characterized by 

asymmetry along the line during the early times and a slow moving speed. The width of 

the stratiform region underwent a relatively large change throughout the budget analysis 

times. Although it was still quite narrow compared to some other typical squall line cases, 

its width gradually increased from ~ 30 - 50 km at the developing and mature stages to 

more than 100 km at the dissipating stage. In this chapter, we document the evolution of 

the Coriolis force, pressure gradient force, acceleration and turbulent terms normal to the 

squall line. The results during the mature and dissip ting stages will be compared with 

the 10-11 June squall line budget study (Gallus and Johnson 1992). 

Few previous studies have directly applied mesoscale rawinsonde height data to per-

form momentum budgets. Part of the difficulty came from the fact that the actual height 

variation usually had the same order as the data errors (Fankhauser 1974). With the 

eventual improvement of measuring instruments and techniques, the height data has been 

tested and found to be good enough to yield reasonable budget results (Sanders and 

Emanuel 1977). In this chapter, therefore, the pressure gradient force will be calculated 

directly from height data. 

6.1 Geopotential height 

From 2100 to 0430 UTC, the 26-27 June squall line evolved from the developing and 

mature to the dissipating stages. The width of the convective region gradually decreased 

from ~ 50 - 60 km to ~ 30 - 40 km, while the width of the stratiform region increased 
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from ~ 30 - 50 km to more than 100 km. The geopotential height field, affected by this 

mesoscale conve::tive system, also exhibits a quite interesting evolution pattern. 

Figure 6.1 shows the geopotential height at 700 hPa for six budget times. At 2100 

UTC (Fig. 6.la), a pronounced synoptic-scale trough was over northern Kansas. The 

squall line was located in front of the trough where the geopotential height gradient was 

large. A distinct mesolow, as found in many squall line cases (Sanders and Emanuel 1977; 

Brown 1979; Menard and Fritsch 1989; Stumpf 1989; Gallus and Johnson 1992), did not 

appear at this time. Ahead of the squall line, the geopotential height gradually increased. 

By 2230 and '.)000 UTC (Figs. 6.lb and c), although the squall line remained relatively 

narrow, the geopotential height field indicated that a weak trough began to develop over 

the MCS (see 315'.) m contour), suggesting an effect of the squall line on the geopotential 

height field. However, it is hard to distinguish whether the small t rough was induced by 

the convective region or the stratiform region. A synoptic low was present to the rear of 

the system over northern Kansas. 

At the mature and dissipating stages (0130 to 0430 UTC) (Figs. 6.ld, e and f), the 

squall line moved to the eastern Kansas and central and western Oklahoma and gradually 

widened. A deep mesoscale t rough gradually developed at 700 hPa within the MCS. It 

had a width similar to the squall line and its position coincided well with the low-level 

radar echo resulting from the squall line system, especially at 0430 UTC. At 0300 UTC, a 

closed mesolow can be clearly seen over the Kansas-Oklah ma border. A mesoscale high 

was present to the rear of the squall line at 0300 and 0430 UTC. 

Figure 6.2 shows the geopotential height evolution at 500 hPa for six different times. 

At 2100 UTC (Fig. 6.2a), a strong geopotential height gradient was occurring in front of 

the synoptic trough. The orientation of the squall line was almost parallel to the height 

contours. By 2230 to 0130 UTC (Figs. 6.2b, c and d), the geopotential height patterns 

were generally quite sim"lar to those at 700 hPa with smal variations. A synoptic-scale 

trough was located : o the north of Kansas. Near the squall line, the height variation 

associated with the convective system was not pronounced. 

By 0300 and 0430 UTC (Figs. 6.2e and f), there was a very prominent narrow 

mesoscale trough extendL:ig from eastern Kansas to southwest of Oklahoma. The trough 
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Figure 6.1: Geopotential height at 700 hPa in the PRE-STORM region for a) 2100 UTC, 
b. 2230 UTC, c) 0000 UTC, d) 0130 UTC, e) 0300 UTC, f) 0430 UTC. Heights are 
expressed in meters above 3000 m. 
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Figure 6.1: Continued. 
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line was roughly located within the stratiform region. Behind the mesolow region there 

was a mesohigh region, similar to that at 700 hPa. The height gradient across the squall 

line was about 30 - 40 m at 700 hPa and 25 m at 500 hpa over a distance of ~ 150 -

200 km, much less than that found in the 10-11 June case {70 mat 700 hPa) {Gallus and 

Johnson 1992). 

By studying a GATE cumulonimbus line using aircraft data, LeMone {1983) found 

that there was a hydrostatically-induced mesolow within the convective region of the squall 

line. Smull and Houze (1987) also noticed a mesolow in a. study of a middle latitude squall 

line. As depicted in the squall line schematic from Houze et al. {1989), this convective 

mesolow is located around midlevels in the convective region. In the 26-27 June case, 

the convective region was the widest and the convection was most intense between 2100 

and 0000 UTC. However, no pronounced mesolow was found in the geopotential height 

field at middle and low levels during the early times (except a weak mesoscale trough), 

implying that the mesolow within the convective region was too small to be resolved by 

PRE-STORM sounding network, if it existed at all. Therefore, the deep mesoscale trough 

that appeared at the dissipating stage when the convective activity weakened could not 

be produced by the convective region. Since this meso;;cale trough coincided well with the 

expanding stratiform region, it should be the feature produced by the stratiform region. 

The mesolow within the stratiform region has been observed in many tropical and 

midlatitude squall line studies. Houze et al. {1989) showed that the maximum intensity 

of the mesolow is located at middle levels near the melting level. It is believed that this 

mesolow is also hydrostatically-induced (Brown 1979) and generated in the stratiform 

region by the latent heat release aloft within the anvil cloud and evaporational cooling 

and melting (Leary and Houze 1979) below cloud base. 

Figure 6.3 shows the vertical cross-sections of perturbation height for six budget times. 

The method is similar to that used by Gallus and Jo nson (1992). Since height data in the 

undisturbed environment outside the system were not available, the perturbation heights 

were computed by subtracting latitudinal averages across the selected domain at each 

level. 
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During the developing and mature stages {from 2100 to 0000 UTC) {Figs. 6.3a, b and 

c) , the most prominent feature is the posit ive height perturbation ahead of the squall line 

system and negative height perturbation behind the leading edge. The largest negative 

height perturbation was located at about 350 hPa, 300 km behind the leadiug edge. It 

was associated with a synoptic scale trough. Another notable feature is a positive height 

perturbation pre3ent at upper levels above the squall line. It was also observed in the 10-

11 June budget study by Gallus and Johnson {1992) and noticed by Gao et al. {1990) in a 

numerical simula: ion. It is ikely produced by both the cumulus updrafts in the convective 

region and mesos:cale updrafts in the stratiform region. 

A mesolow can be noticed at middle levels during the early times {2100 to 2230 UTC) 

{Figs. 6.3a and b). It was located at 700 hPa 250 km behind the leading edge at 2100 

UTC and 550 hPa 80 km behind the system at 2230 UTC. However, the association of 

this mesolow wi tl: the squall line is questionable since the geopotential height field only 

indicated a weak trough over the squall line during the early stages and there was a 

synoptic low locat ed north of Kansas just behind the squall line, which might account for 

this feature . Therefore, we will only concentrate on studying the mesolow at later times. 

In studies of the 3-4 June PRE-STORM MCS {Smull and Augustine 1989) and the 

10-11 June squall line (Gallus and Johnson 1992) , the maximum amplitude of the low was 

observed to be around the melting level. In the 26-27 June case at the mature and dissi-

pating stages {0000 to 0430 UTC) (Figures 6.3c, d, e and f) , as the width of the stratiform 

region gradually increased, the mesolow was very well illustrated within the system. It 

extended vertically from low levels to about 400 hPa with a peak also located around the 

melting level {600 hPa), supporting previous observations. The midlevel mesolow gradu-

ally deepened from -8.4 mat 0000 UTC to -14.1 m and -18.7 mat 0130 and 0300 UTC, 

and reached the maximum {-20.9 m) at 0430 UTC. The peak was generally located at 

about 50 - 80 km behind the leading edge. Similar to the Q1 and Q2 fields in Chapter 5, 

the tilting of the mesolow was also quite small. During the developing and early mature 

stages, it turned out that there was no positive height perturbation present to the rear of 

the system. During the late mature and decaying stages , a positive height perturbation 
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gradually developed at about 200 km behind the mesoscale trough, which helped to induce 

rear-to-front flow into the system during the decaying stage (refer to Figs. 4.3e and f) . 

6.2 Force balance 

As shown in the previous section, during the early stage, the effects of the squall line 

( the midlevel mesolow) on the momentum budget components ( especially for the pressure 

gradient acceleration) might not be well resolved since the squall line was still quite narrow. 

Therefore , for the vertical cross-sections normal to the squall line, we only concentrate on 

studying the acceleration evolution patt erns during the mature to the dissipating stages 

(0000 to 0430 UTC) and compare them with the results of the 10-11 June case (Gallus 

and Johnson 1992). 

Figure 6.4 shows the vertical cross-sections of the pressure gradient force normal to 

the squall line from 0000 to 0430 UTC. At 0000 and 0130 UTC (Figs. 6.4a and b), 

front-to-rear acceleration took place over most of the regions. The figures at earlier times 

(not shown here) also indicated similar features . As stated before, the 26-27 June squall 

line was at the developing and mature stages at these times. The feature of dominance 

of the front-to-rear acceleration might have partly resulted from the fact that the 26-27 

June squall line remained quite narrow at these times and its effects on the geopotential 

height might not be sufficiently resolved. On the other hand, this feature also indicated 

that the rear-to-front acceleration induced by the pressure gradient force might not be 

generated during the developing and early mature stages when the stratiform region was 

narrow and the midlevel mesolow was not apparently developed. However, some mesoscale 

features can still be observed at 0000 and 0130 UTC. Just ahead of the leading edge, there 

was moderately large front-to-rear acceleration. About 300 km behind the leading edge, 

rear-to-front acceleration took place at low and middle levels. However, this distant rear-

to-front acceleration might not be induced by the squall line system, rather it was probably 

due to the surface anticyclone. 

At the late mature and dissipating stages (0300 to 0430 UTC) (Figs. 6.4c and d) , the 

pressure gradient acceleration showed different features from those at early times. There 
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developed a prominent rear-to-front pressure gradient acceleration aloft from 50 km to ~ 
200 - 300 km behind the leading edge. The peak acceleration gradually increased from 

3.7 m s-1 h- 1 at 0300 TC around 600 hPa to 5.1 m s-1 h- 1 at 650 hPa at 0430 UTC. 

Considering the evolution and the width of the rear-to-front acceleration, it turned out to 

be a mesoscale feature, which might be an atmospheric mesoscale response to the mesolow 

development in the stratiform region during the late mature and dissipating stages. It 

contributed mainly to the strengthening rear-to-front flow during the dissipating stage in 

the 26-27 June case. Front-to-rear acceleration generally dominated at middle and high 

levels ~ 200 - 300 km behind the leading edge. However, at 0430 UTC, there was a 

maximum amplitude of 26.0 m s-1 h- 1 . The large acceleration at 0430 UTC might be 

in part a result of geopotential height errors at upper levels. Near the leading edge there 

was a vertically extending band of strong front-to-rear pressure gradient acceleration with 

a width of about 50 - 100 km. The maximum intensity was generally located between 

600 and 700 hPa. 

A few hypotheses for the generation of the rear inflow have been proposed. However, 

the actual mechanisms are still being argued and investigated due to limited observational 

data (Smull and Houze 1987; Zhang and Gao 1989; Lafore and Moncrieff 1990). In 

studies of a tropical convective line, LeMone (1983) and LeMone et al. (1984) suggested 

that hydrostatic generation of pressure minimum under rearward-tilted warm convective 

updrafts may induce the rear-to-front inflow. Brown (1979) found in a modeling study 

that the middle level mesolow induced in the stratiform region may drive the air in the 

rear of the system forward into the MCS. Schmidt and Cotton (1990) proposed a flow 

blocking theory, but it does not appear to be approriate to apply here due to lack of an 

upper level rear-to-front flow . In the 26-27 June case, as mentioned earlier, the rearward 

tilting of the convective band was small and the mesolow induced by the convective updraft 

could not be sufficiently resolved. On the other hand , the midlevel mesolow induced by 

the stratiform region was clearly illustrated during the late mature and decaying stages. 

Referring to figures of relative wind component normal to the squall line (Fig. 4.3), it 

appears that there are two mechanisms which may serve as possible explanations for the 
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midlevel rear inflow in this case. One is from well behind the system which might be 

associated with an upper level jet streak, as argued by Zhang and Gao (1989) . The other 

one is simply a direct result of a mesolow and mesohigh couplet that developed from within 

the stratiform region to the rear of the sys em. It generated strong rear-to-front pressure 

gradient acceleration to the rear of the system, which might explain most of the dramatic 

strengthening of the rear inflow at the back edge of the squall line during the dissipating 

stage. 

The vertical cross-sections of Coriolis acceleration from 0000 to 0430 UTC are il-

lustrated in Figure 6.5. Similar to those results shown by Gallus and Johnson (1992), 

rear-to-front acceleration dominated over most of the area , except at low levels behind the 

system, where there was front-to-rear acceleration. The Coriolis acceleration patterns nor-

mal to the squall line were generally determined by the wind along the squall line, which 

showed a southwest wind component over most of the area and a northeast wind compo-

nent at low levels behind the leading edge. There were only minor changes throughout 

the evolution. 

At 0000 and 0130 UTC (Figs. 6.5a and b), the Coriolis acceleration generally opposed 

the pressure gradient force , w:th similar magnitudes to the rear of the squall line. At later 

times, however, since the preEsure gradient acceleration patterns had significant changes , 

the Coriolis accelerc..tion opposed the pressure gradient force near the leading edge, which 

tended to decrease the vertical shear of the u component, but reinforced it as rear-to-front 

acceleration at the back edge of the system except at low levels below 800 hPa. Farther 

rearward, it opposed the preEsure gradient acceleration again. The maximum rear-to-

front acceleration was located at upper levels about 300 - 400 km behind the system. It 

is associated with a southwest-northeast synoptic jet. 

Referring to (2.6), the total acceleration term consists of a local derivative term and 

horizontal and vertical advection terms. This momentum udget component is usually 

hard to analyze due to large errors in wind measuring and even larger errors that might 

result from velocity differentiation. However, in the 26-27 June squall line, the vertical 

cross-sections of the wtal acceleration (Figure 6.6) showed relatively consistent features 
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from 0000 to 0430 UTC, which, to a certain extent, suggest the good reliability of wind 

data used in this budget study. 

The total acceleration was generally weaker than the pressure gradient force and 

Coriolis acceleration. It was the most intense within the system. At 0000 and 0130 UTC 

(Figures 6.6a and b) , rear-to-front acceleration generally dominated below 600 hPa, with 

front-to-rear acceleration aloft. This feature tended to increase the vertical wind shear 

within the squall line. During the dissipating stage {0300 and 0430 UTC) (Figs. 6.6c 

and d), the acceleration within the system gradually weakened. There was still rear-to-

front acceleration present at middle and low levels within the system with front-to-rear 

acceleration above. At low levels to the rear of the system, front-to-rear acceleration 

replaced earlier rear-to-front acceleration. 

Figure 6. 7 shows the vertical cross-sections of the turbulent stresses from 0000 to 

0430 UTC. At 0000 UTC (Fig. 6.7a) , reac-to-front acceleration was occurring at low 

levels around and ahead of the leading edge with a peak value of about 7.1 m s-1 h-1 at 

800 hPa. Above it was a vert.ical band of front-to-rear acceleration. Behind and ahead of 

the system, there were two bands showing rear-to-front acceleration. 

At 0130 UTC (Fig. 6. 7b ), the general pattern was very similar to the result at a similar 

stage (0300 UTC) in the 10-11 June case (Gallus and Johnson 1992, in their Figure 12a). 

The vertical band of re r-to-front acceleration was located around the leading edge and 

extended from the rnrface to midlevels. Ahead of it was a 100-km-wide band of front-to-

rear acceleration. Another area of rear-to-front acceleration can also be noticed at low 

levels 100 km behind the leading edge. Front-to-rear acceleration generally dominated at 

middle and upper levels to th rear of the sysi;em. 

During the diss~pating stages (0300 to 0430 UTC) (Figs. 6.7c and d), the turbulent 

stress patterns were generally similar to the pressure gradient acceleration in the convective 

and stratiform regions, but in opposite directions. The couplet of vertical bands of rear-to-

front acceleration in the convective region and front-to-rear acceleration in the stratiform 

region became more prominent. This structure was also clearly indicated at 0600 and 0730 

UTC in the 10-11 June ca.Se (G llus and Johnson 1992, in their Figs. 12b and c) . But the 
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tilting of these two bands was much smaller in the 26-27 June squall line case, consistent 

with the small tilting feature of vertical velocity, Q1 and Q2 shown in previous chapters. 

With the passage of time, the front-to-rear acceleration at the back edge of the system 

gradually increased from 6.0 m s-1 h-1 at 0300 UTC to 9.9 m s-1 h- 1 at 0430 UTC. This 

strengthening trend was also noticed in the 10-11 June case (Gallus and Johnson 1992). 

Figure 6.8 shows the vertical profiles of the four momentum budget components in the 

convective region from 2100 to 0300 UTC. The pressure gradient acceleration (Fig. 6.8a) 

was generally directed front to rear at most levels. The magnitude reached a maximum at 

2100 UTC (about 8.0 m s-1 h-1 ) and then gradually decreased to 3.0 m s-1 h - 1 at 0000 

UTC. At later times , it increased again at middle and low levels. Sanders and Emanuel 

(1977) studied the vertical profiles of the momentum budget components over a convective 

line. They found that there was a pro ounced peak of front-to-rear pressure gradient 

acceleration located at about 700 hPa during the squall line development. In a similar 

momentum budget study of the 10-11 June PRE-STORM case, Gallus and Johnson (1992) 

also not iced that front-to-rear acceleration peak, but it was found to be located between 

550 and 650 hPa during the late mature and decaying stages. They suggested that this 

peak might be the result of the middle level mesolow in the stratiform region. In the 26-27 

June PRE-STORM case, the front-to-rear acceleration was nearly constant with height 

between 800 and 300 hPa during the developing and mature stages. At the dissipating 

stage (such as 0430 UTC) , there was a front-to-rear acceleration peak at middle levels, 

similar to the result shown by Gallus and Johnson (1992). At low levels for most times, 

the profiles indicated rear-to-front acce eration. It is probably due to the development 

of a mesohigh near the surface within t e system. A similar feature was also noticed by 

Sanders and Emanuel (1977) and Gallus and Johnson (1992). 

During the squall line development , Coriolis acceleration in the convective region (Fig. 

6.8b) exhibited regular and smooth profiles. Rear-to-front acceleration was occurring at 

each time throughout the whole troposphere, generally opposing the pressure gradient 

acceleration. From 2100 to 0000 UTC, the vertical profiles were quite similar to each other. 

The rear-to-front acceleration increased from low levels and remained nearly constant 
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between 800 and 300 hPa. The maximum acceleration was about 4.0 m s-1 h- 1 . At 

later times, the acceleration at middle and upper levels gradually decreased. The vertical 

profiles of Coriolis acceleration were generally similar to the results found by Sanders and 

Emanuel (1977) and Gallus and Johnson (1992) at middle and high levels except that the 

magnitudes at the early stages {2100 to 0000 UTC) in the 26-27 June case were larger 

than the other two cases {about 2.0 m s-1 h- 1 in Gallus and Johnson's and 1.0 m s-1 h-1 

in Sanders and Emanuel 's). Compared with the magnitudes of the pressure gradient 

acceleration, it appears that the Coriolis acceleration was very important in the system 

development in the 26-27 June PRE-STORM case. At low levels below 825 hPa, Sanders 

and Emanuel (1977) showed that there was front- to-rear Coriolis acceleration. However, 

in both the 10-11 June case {Gallus and Johnson 1992) and the 26-27 June cases, only 

rear-to-front acceleration was found. 

In the convective region, the total acceleration {Fig. 6.8c) also indicated a relatively 

regular evolutio . During the developing and early mature stages {2100 to 0000 UTC) , 

rear-to-front acceleration generally occurred below 600 hPa, where front-to-rear accelera-

tion took place above. By 0130 and 0300 UTC, the ate mature and dissipating stages, 

there was still rear-to-front acceleration below 800 hPa and front-to-rear acceleration above 

450 hPa. Between 800 and 450 hPa, acceleration became quite weak and occasionally indi-

cated weak front-to-rear acceleration. In the 10-11 June case, Gallus and Johnson {1992) 

also found that rear-to-front acceleration took place at low levels and front-to-rear accel-

eration occasionally occurred at middle levels. Farther upward, the acceleration became 

more variable in the 10-11 June case. The total acceleration profiles from both PRE-

STORM squall line cases were different from the results of a Oklahoma squall line studied 

by Sanders and Emanuel (1977). They showed a very pronounced front-to-rear accelera-

tion peak at about 750 hPa {see their Figure 3) , although weak rear- o-front acceleration 

was also occurring at low and high levels. 

The vertical profiles of the residual X in the convective region from 2100 to 0300 

TC are illustrated in Fig. 6.8d. At 2100 UTC, the turbulent stress was generally 

directed from rear to front. By 2230, 0000 and 0130 UTC, rear-to-front acceleration was 



110 

still present at middle and low levels between 600 and 900 hPa, but it turned into front-to-

rear acceleration at upper levels. This feature is similar to those results shown by Sanders 

and Emanuel (1977) and Gallus and Johnson (1992). However, its magnitude was not 

as large as other cases. At low levels near the surface, there was also an indication of 

front-to-rear acceleration. Later (0300 UTC), rear-to-front acceleration dominated from 

the surface up to 325 hPa with the maximum intensity of 6.0 m s-1 h-1 located at 850 

hPa. The average magnitudes during the early times (about 2 - 4 m s-1 h-1 ) were 

generally smaller than he cases studied by Sanders and Emanuel (1977) and Gallus and 

Johnson (1992) . This might "ndicate that the convection in the 26-27 June case was not 

as intense as the other two cases and/or the intensity of the convection was not quite well 

resolved by the sounding network. 

Comparing the four momentum budget component profiles with the results of the 

10-11 June case, the general patterns in the convective region were similar to each other, 

except for the smaller magnitudes of the pressure gradient acceleration and turbulent 

stresses in the 26-27 June case. The Coriolis force was larger during the early stages of 

the 26-27 June cas~. Therefore , the Coriolis force played an important role during the 

developing and early m ture stages in opposing the pressure gradient acceleration. 

Figure 6.9 illmtrates the vertical profile of u component relative to the ground and 

vertical momentum flux pw' u' in the convective region. During the developing and early 

mature stages (2100 to 0000 TC), at middle and low levels, the averaged u component 

gradually turned from weak southeasterly wind at 2100 UTC to northwesterly wind at 

later times. The vertical wind shear remained quite small and occasionally showed weak 

positive or negative vertical shear. At the mature and dissipating stages (0130 to 0300 

UTC) , weak positive wind shear can be seen at low levels below 800 hPa, while between 

650 and 800 hPa, the vertical shear still remained small. Above 650 hPa, except at 0300 

UTC that small vertical shear was still present at high levels, the profiles at other times 

were similar to each other an showed strong negative vertical wind shear. The general 

pattern was distinctly different from the 10-11 June case (Gallus and Johnson 1992) 

Negative valueE. of pw' u' generally dominated throughout the whole troposphere (Fig. 

6.9b) , except that a.t 0000 UTC, weak positive values appeared above 475 hPa and below 
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825 hPa. Therefore, above 00 hPa, the momentum transport was generally upgradient 

and tended to increase the vertical wind shear. This feature agreed with the results found 

by LeMone {1983) , Smull and Houze {1987), Gao et al. (1990) , Lin et al. (1990) and 

Gallus and Johns()(l (1992). At middle and low levels, the vertical wind shear remained 

small and downgradient/upgradient argument is difficult to apply, although at 0130 and 

0300 UTC, downgradient transport can be noticed below 800 hPa. 

Figure 6.10 shows the vertical profiles of the momentum budget components in the 

stratiform region from 2230 to 0430 UTC. From 2230 to 0130 UTC, the pressure gradient 

acceleration {Fig. 6.10a) was in the front-to-rear direct·on above 850 hPa. The peak 

acceleration was located at 300 hPa with similar magnitudes (about 7.0 m s-1 h-1 ) to 

the maximum in the convective region. Weaker front-to-rear acceleration was present at 

middle and low levels and remained quite constant with height . The patterns were gener-

ally similar to that shown at 300 UTC in the 10-11 June case (Gallus and Johnson 1992, 

their Fig. 17). During later times, middle and low level front-to-rear acceleration gradu-

ally weakened and became rear-to-front acceleration at 0300 and 0430 UTC. Above 550 

hPa, there was sti front-to-rear acceleration. Below 850 hPa, rear-to-front acceleration 

was occurring near the surface at all times. 

The Coriolis acceleration profiles in the stratiform region ( Fig. 6.8b) were similar to 

those shown in the convective region. At 2230 and 0000 UTC, rear-to-front acceleration 

took place at all l=vels and remained nearly constant at middle and high levels. At 

later times (0130 tJ 0430 UTC), the magnitudes of rear-to-front acceleration gradually 

decreased with time. Front-to-rear acceleration can be noticed occurring at low levels and 

its depth slowly inc:-eased. Similar features were also found in the 10-11 June case (Gallus 

and Johnson 1992). 

The balance bEtween the pressure gradient acceleration and Coriolis force would pro-

duce rear-to-front acceleration at low levels below 850 hPa for all the times. There was 

almost no acceleration from 2230 to 0130 UTC and rear-to-front acceleration from 0300 

to 0430 UTC at mi<ldle levels between 500 and 850 hPa. At upper levels, it would pro-

duce front-to-rear acceleration from 2230 to 0130 UTC and rear-to-front acceleration from 
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0300 to 0430 UTC. This situation was different from the results of the 10-11 June case 

(Gallus and Johnson 1992), which showed front-to-rear acceleration at nearly all levels. 

The difference may be attributed to the momentum budget evolution at different stages. 

The vertical profiles of total acceleration in the stratiform region (Fig. 6.10c) are 

quite similar to th,:>se in the convective region. Front-to-rear acceleration took place at 

upper levels above 450 Pa. The intensity increased from the developing to mature stages 

and reached the maximum at 0130 UTC (about -6.0 m s- 1 h- 1 ), then gradually decreased 

during the dissipating stage. Below 450 hPa, rear-to-front acceleration can be seen during 

early times. At later times, the total acceleration decreased and approached zero at middle 

and low levels. 

In the stratiform region, the variation of t he internal turbulent stresses with time was 

large. At low levels below 900 hPa, front-to-rear acceleration was generally dominant at 

each time. During early times (2230 to 0130 UTC) , rear-to-front acceleration was present 

at middle and low l~vels between 650 and 900 hPa. Weak front-to-rear acceleration was 

occurring at high levels and some rear-to-front acceleration was occasionally indicated at 

0130 UTC. During ~he dissipating stage (0300 to 0430 UTC), front-to-rear acceleration 

almost occurred at 11 levels except a shallow layer of rear-to-front acceleration around 

500 hPa. 

The vertical pronles f the u component re ative to the ground and vertical momentum 

flux in the stratiform region from 2230 to 0430 UTC are shown in Figure 6.11. Strong 

negative wind shear was present above 675 hPa for each time (Fig. 6.lla) . At low levels, 

however, the wind profiles were quite different. At 0130 UTC, posit ive wind shear was 

shown below 800 hPa and negative shear above, while at 0300 and 0430 UTC, weak positive 

wind shear occurred from the surface up to 700 hPa. During the early times (2230 and 

0000 UTC), the wind profiles at low levels were quite variable with height. 

The momentum transport in the stratiform region also indicated quite different pat-

terns. At 2230 and 000 UTC, the momentum flux was very small and there appeared 

almost no flux transport during the early stages in the stratiform region. At 0130 UTC, 

downgradient transport can be een below 800 hPa with upgradient transport above 800 
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hPa up to high levels. During the decaying stage, the vertical momentum flux was gener-

ally positive. Thus, upgradient momentum transport took place at low levels below 675 

hPa, while downgra.dient transport occurred above. 



Chapter 7 

SECONDARY CIRCULATION FORCING AND FRONTOGENESIS 

There have been many studies about secondary circulation and frontogenesis, usually 

concentrating on the interaction between frontogenesis and secondary circulation with the 

environment from the view points of kinematics and thermodynamics. Very few quantita-

tive diagnostic studies have been performed to look at the diabatic heating effect, which 

may have similar or higher order importance on frontogenesis and forced secondary cir-

culation. Rutledge (1989) , using three-dimensional cloud model output, diagnosed the 

diabatic heating effect in the frontogenesis equation in the cross-front section of a frontal 

rainband. He found the diabatic heating process was important to the maintenance of 

the cross-frontal temperature gradient. The density contrast was generally maintained by 

heating associated with condensation ahead and cooling resulting from evaporation be-

hind. Although the spatial and temporal distribution of diabatic heating is very difficult 

to determine , some researchers (e.g., Shapiro 1983; Trier 1987; Hertenstein and Schubert 

1991, etc) tried to use simple heating profiles to parameterize the actual diabatic heating 

function and study the circulation patterns within mesoscale convective systems. Some 

interesting features were observed. However, there are limitations to this approach. 

In this chapter, the apparent heat source Qi , diagnosed from previous calculation, 

is used to approximately represent the diabatic hea ing effect. With the advantage that 

Q1 has values over the entire PRE-STORM domain, the three dimensional heating fea-

tures can be relatively accurately represented. The Sawyer-Eliassen secondary circulation 

equation is used as a diagnostic tool. Instead of trying to solve a streamfunction in the 

second-order partial differential equation, our main objective is to quantitatively compare 



118 

the importance of the forcing terms on the right hand side of the equation. Miller's fronto-

genesis equation is also used to study the relative influence of the diabatic heating effect on 

frontogenesis. Section 7.1 will briefly introduce the Sawyer-Eliassen secondary circulation 

equation. Section .2 will discuss the evolution of each forcing term in the Sawyer-Eliassen 

equation and document the importance of the diabatic heating effect. Section 7.3 will use 

the Miller's frontogenesis equation to evaluate the diabatic heating effect on frontogenesis. 

7.1 The Sawyer-Eliassen secondary circulation equation 

If a frontal zone is sufficiently straight and along-front variations are small enough, the 

along-front wind co:nponent can be considered as geostrophic. Therefore , the ageostrophic 

circulation can be simply described in the cross-front section (Keyser and Shapiro 1986). 

Under the assumptions of 

I Uag I (7.1) 

« (7.2) 

« (7.3) 

f = constant (7.4) 

The geostrophic momentum equation (Eliasse 1948), after averaging, can be written as: 

dm 8¢ F 8-,-, -=--+ x--wm dt ox op (7.5) 
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(7.6) 

where 

(7.7) 

The bar represents an average over a 50 x 50 km2 area. u 9 and u09 represent geostrophic 

and ageostrophic components along the line, where v9 and Vag are geostrophic and 

ageostrophic components normal to the line. w is ver ticl p velocity. f is Coriolis pa-

rameter. m = u 9 - f y is absolute momentum {Eliassen 1962), Fx is the frictional term 

along the front. iJ represents the diabatic heating effect and -tw' m' and -tw' 0' are 

the vertical convergence of eddy transport. In the following paragraphs, for simplicity, the 

bar will be omitted except for turbulent terms . 

The mass continuity equation can be written as: 

(7.8) 

An ageostrophic streamfunction 1/; can be introduced so that 

81/; 
w=-8y (7.9) 

By taking f,, of (7.5) and t of (7.6) , followed by a series of algebra, we can get the 

Sawyer-Eliassen secondary circulation equation: 

(7.10) 

where 

(7.11) 
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[)2 __ 
Fi= --m'w' 8p2 

(7.12) 

(7.13) 

The Sawyer-Eliassen secondary circulation equation is a linear, second order partial 

differential equation. It was first formulated by Sawyer (1956) to study the forcing of 

stretching deformation and then was expanded by Eliassen (1962) to investigate the forcing 

of both stretching and shearing deformation. 

The coefficients of the second-order terms on the left hand side of the equation are 

static stability, banclinicity and inertial stability, respectively. If (-1 ~)(-W, )- ( WJ}- )2 = 
,P2 > 0, where P2 is potential vorticity, the Sawyer-Eliassen secondary circulation equa-

tion is elliptic. Prnvided that the distributions of m, 0, and the forcing terms are known 

and the boundary conditions are specified, the streamfunction v,• is uniquely determined by 

the forcing terms. Posit ive (negative) values of the forcing correspond to relative minima 

(maxima) in 7/J and are associated with a thermodynamically d"rect (indirect) circulation. 

When potential vorticity P2 < 0, the transverse ageostrophic circulation may be self-

excited, especially '-:>y symmetric baroclinic instability (Hoskins 1974; Orlanski and Ross 

1977; Emanuel 1979) . 

Figure 7 .1 shov-s the vertical cross-sections of I P2 at 2230 and 0300 UTC, respectively. 

At 2230 UTC, two narrow vertical bands of negative potential vorticity were located at 

the leading edge an:i 175 km behind the leading edge. They connected with each other at 

upper levels between 200 an 300 hPa. Positive potential vorticity basically dominated 

other regions. By 0300 UTC, t he two narrow vertical bands of negative potential vorticity 

can still be noticed at 100 km and 300 km behind the leading edge, but at this time 

they were generally concentr ted at middle and low levels. At about 400 km behind 

the leading edge, the entire troposphere was dominated by negative potential vorticity. 

Positive potential vorticity was still dominant at other regions. At regions of negative 

potential vorticity, the Sawyer-Eliassen secondary circulation equation is hyperbolic and 

the transverse ageostrophic circulation will arise in response not only to the forcing terms, 
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but also to self-exciting instabilities, such as symmetric baroclinic instability. Hence, in 

this chapter, it is our intent to quantitatively evaluate each forcing term at the right hand 

side of the Sawyer-Eliassen equation, rather than propose a more general formulation 

for the streamfun.ction VJ to study its response to both forcing terms and self-exciting 

instabilities. 

The Jacobian term (the first term) on the right hand side of the Sawyer-Eliassen 

secondary circulation equati n can be separated into geostrophic stretching deformation 

and geostrophic siearing deformation terms. They are indications of the geostrophic 

forcing on the transverse ageostrophic circulation and were emphasized in Eliassen's (1962) 

study. The second term is the frictional term. It is small except near the surface and will 

not be considered in this case. The differential diabatic heating term (the third term) 

is an important fo:-cing mechanism for generating a secondary circulation. It is usually 

ignored due to um .. vailability of data. In this study, we use observed grided data of Q1 

to approximately represent the diabatic heating effect in the Sawyer-Eliassen secondary 

circulation equation, rather than use simple analytic heating profiles. Their relationship 

can be written as follows: 

(7.14) 

The fourth term suggests additional circulation forcing by vertical Laplacian of turbulent 

motions. Although it might be important, especially at the region of strong convection 

and near clear air turbulence (Shapiro 1981), there is no data available in this study to 

assess its magnitude, so it is not considered here. 

The circulation forcing on the right hand side of the Sawyer-Eliassen secondary cir-

culation equation can be rewritten as follows : 

. OVg 80 OUg 80 R 8Q1 Forcmg = 2-y-- + 2-y-- - ----oy oy oy ox fcvP oy (7.15) 

where the first term is geostrophic stretching deformation, the second is geostrophic shear-

ing deformation and the third term represents the diabatic heating effect. 
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7.2 Circulation forcing 

Figure 7.2 illustrates the vertical cross-sections of the forcing terms at 2230 UTC. 

The geostrophic stretching deformation {Fig. 7.2a) was generally quite weak. Negative 

forcing was located between 500 and 750 hPa within the squall line system and at middle 

and upper levels ahead of the leading edge. The low level cold front zone is specified by 

isentrope 300 K and 305 K. Around the frontal zone, there was weak positive forcing. 

The geostrophic shearing deformation showed a vertical band (about 100 km wide) of 

positive forcing just behind the leading edge. Ahead of the leading edge and behind the 

positive forcing band were two vertically distributed negative forcing bands. Compared 

with the two geostrophic forcing terms, the differential diabatic heating term (Fig. 7.2c) 

was about one order magnitude larger within the squall line, implying the dominance of 

t e secondary circulation forced by the diabatic heating effect in the mesoscale convective 

system. A positive and negative couplet was quite pronounced within the system. About 

50 km behind the leading edge, there was a vertical band of positive forcing {maximum 

was about 10.2 x 10-8 m s-2 Pa-1 at 525 hPa) with width of 200 km. Ahead of it was 

a 100 km wide vertical band of negative forcing (minimum was -14.9 x 10-8 m s-2 Pa-1 

at 550 hPa). Outside the squall line, the forcing weakened and had magnitudes similar 

to those geostrophic forcing terms. The total forcing term (Fig. 7.2d) was similar to 

the differential diabatic heating term showing vertical bands (about 100 km) of positive 

forcing 50 km behind the leading edge and negative forcing ahead. 

Figure 7.3 shows the forcing terms at 0300 UTC, when the squall line evolved into 

its dissipating stage. The geostrophic stretching deformation (Fig. 7.3a) was still quite 

weak. At middle and low levels, it was dominated by positive forcing except for a region 

of negative forcing between 700 and 850 hPa 300 km behind the leading edge. At upper 

levels between 300 and 400 hPa, there was a horizontal band of negative forcing. The 

geostrophic shearing deformation term (Fig. 7.3b) showed a vertical band of positive 

forcing around the leading edge, similar to that shown at 2230 UTC. Behind it was a 

band of negative forcing. Another region of positive forcing can be noticed at middle and 
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Figure 7.2: Vertical cross secticns of forcing terms of the Sawyer-Eliassen secondary circu-
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Figure 7.3: As in Fig. 7.2, except for 0300 UT C. 
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upper levels 400 km behind the leading edge. However, the large forcing value may not be 

real, but a result of data problems near the edge of the domain. The differential diabatic 

heating term was still the dominant forcing (see Figs. 7.3c and d). Within the squall 

line system, nega ive forcing dominated throughout almost the entire troposphere with 

the maximum intensity of 9.7 x 10-8 m s-2 Pa-1 located at 525 hPa. To the rear of the 

system was a 150 km wide rearward tilting band of positive forcing (the peak value was 

14.2 x 10-8 m s-2 Pa- 1 at 550 hPa). 

In general, above the frontal zone around the squall line, the differential diabatic 

heating effect domtnated the forcing terms at the right hand side of the Sawyer-Eliassen 

equation. Its forcing was the most intense at middle levels. At low levels around the cold 

front , geostrophic forcing terms had similar magnitudes as the differential diabatic heating 

term. It can be seen that the prominent effects of the diabatic heating at 2230 UTC are 

above the surface frontal zone. However, ~ 100 to 200 km behind the leading edge there 

was some positive forci g in the frontal zone, indicating the forcing of a thermally direct 

circulation. Physically, this forcing comes from condensational heating at the leading edge 

and low-level evaporative cooling to the rear, as also discovered by Rutledge (1989). 

7 .3 The frontogenesis equation 

The frontogenesis equation (Miller 1948; Sanders 1955) is a useful tool to study fron-

togenetical effect. A3suming the y direction is pointing to cold air normal to the front , 

the frontogenesis equation can be written as the following : 

d ( 80 ) = 1 ( Po ) R/ c, 8Q 1 _ ov 80 _ ow 80 
at oy cp P oy oy oy oy op (7.16) 

The first term represents the differential diabatic heating effect. The second term is the 

kinematic effect of confluence deformation and the third term is the tilting effect. 

If 

d 89 d/oy) < 0, frontogenesis. (7.17) 
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d 88 
d/ a) > 0, frontolysis. (7.18) 

Figure 7.4 illustrates the vertical cross-sections of d 'fferent effects on the frontogenesis 

equation at 2230 UTC. The differential diabatic heating term (Fig. 7.4a) was positive in 

a vertical band around the leading edge with width of about 100 km. The maximum 

intensity was located at 525 hPa with magnitude of 28.3 x 10-8 K m-1 s-1 . Ahead of 

it was a region with weak negative values. From 50 to 200 km behind the leading edge, 

negative values (the minimum value was -19.6 x 10-8 K m - 1 s-1 at 550 hPa) occurred 

throughout most of the entire troposphere above the front. Farther rearward there was a 

region favoring weak frontolysis. At low levels around the cold front , negative values can 

be seen just ahead of the leading edge, supporting frontogenesis in front of the system. 

Behind the leading edge, there was a 100-km-wide region favoring frontolysis . Between 

100 and 200 km behind the leading edge within the frontal zone , it was again dominated 

by frontogenetical effect. This could be explained physically in terms of condensation 

heating near the leading edge and evaporational cooling behind, as in Rutledge (1989). 

The kinematic effect of confluence term (Fig. 7.4b) was generally one order of magnitude 

smaller than the diabatic heating effect, however, there was weak frontogenesis in the 

frontal zone near the surface and ahead of it. Posi tive values can be noticed at middle 

levels between 500 and 750 hPa within the system. To the rear of the system there were 

primarily negative values. The spatial distribution of the tilting term (Fig. 7.4c) was quite 

similar to that of the diabatic heating term, except the sign was opposite. Near the leading 

edge, there was a negative-value band with maximum intensity of 27.2 x 10-8 K m- 1 s-1. 

Behind it (about 50 km behind the leading edge) there was a vertical band of positive 

values, favoring frontolysis. To a large extent, the differential diabatic heating term and 

the tilting term opposed each other abm·e the frontal zone at middle and upper levels. 

However, at low levels around the frontal zone, some interesting features can be noticed. 

The tilting term indicated frontogenetical effect ahead of the leading edge and frontolytical 

effect within the frontal zone behind the leading edge. Therefore, all the three terms 
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showed frontogenetical effect ahead of the leading edge. Although the total effect (Fig. 

7.4d) was generally quite weak, negative values were generally present at low levels around 

and ahead of the leading edge, suggesting a favoring condition for frontogenesis ahead of 

the front. Positive values occurred about 25 km behind of the leading edge, indicative of 

frontolysis effect. It is proposed that this pattern party explains the movement of the 

surface front during the developing and early mature stages. 

During the dissipating stage (0300 UTC) (Figure 7.5), the couplet of positive and 

negative bands became broader in the horizontal. The differential diabatic heating term 

(Fig. 7.5a) showed positive values within the squall line system and a negative vertical 

band behind. Weak frontogenetical effect can still be noticed in the frontal zone near the 

surface. But at this time, the frontolytical effect was present ahead of the leading edge. 

The tilting term (Fig. 7.5c) indicated a similar pattern with opposite sign. However, a 

frontolytical effect also occurred ahead of the leading edge at low levels, and even extended 

a little bit behind the leading edge. About 100 km behind the leading edge, it was generally 

dominated by positive values favoring frontolysis. Although it was weak, the confluence 

term (Fig. 7.5b) was generally dominated by negative values behind the leading edge, 

except several small regions of positive values. The total effect is shown in Fig. 7.5d. 

Within the frontal zone near the surface, the frontogenetic effect was restricted within a 

100-km wide region. From surface to middle levels ahead of the leading edge, frontolysis 

was generally dominant , which might explain why the movement of both the front and 

the squall line almost ceased during the dissipating st ge. 

In general, the confluence term may have contributed to frontogenesis at low levels 

behind the leading edge during almost the entire lifetime, but its effect was generally 

quite small. The differential diabatic heating and tilting terms (both are manifestations 

of responses to the squall line) , although were one order of magnitude larger than the 

confluence term, tended to oppose each other. Therefore, although the low level cold front 

contributed to triggering the intense convection within the squall line, any feedback to 

frontogenesis turned out to be small. At low levels uring the system developing stage, 

the total effect indicated weak frontogenetic effect around and ahead of the leading edge 
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and frontolytic effect behind. But at the dissipating stage, weak frontogenesis was only 

present in a small region within the frontal zone near the surface, with frontolysis shown 

ahead of the leading edge and behind the system. This might help to explain why the 

movement of both the low level cold front and the squall line increased during the early 

times and decreased rapidly and almost ceased at the dissipating stage. 



Chapter 8 

SUMMARY 

The 26-27 June PRE-STORM squall line was a slow moving mesoscale convective 

system followed by a low-level cold front. It was within the sounding network for most of 

its evolution from the developing, mature and dissipating stages. Composited rawinsonde 

data have been extensively used to perform heat, moisture and momentum budgets for 

six times at time intervals of 90 minutes. Few studies have been performed in such a long 

sequence of a squall line evolution due to data availability. Similarities and differences are 

found compared to other midlatitude and tropical sq all line cases. Secondary circula-

tion forcing and frontogenetical/frontolytical effects are also investigated to evaluate the 

importance of the contributions from diabatic heating. 

There were generally four main relative flows within the system in the line-normal 

cross-section: A front-to-rear flow extending from ahead of the leading edge to upper 

levels to the rear of the system, a weak surface front-to-rear flow due to an overturning 

downdraft fed by divergence underneath the stratiform region, and a midlevel rear inflow 

jet, similar to the results determined from midlatitudinal and tropical cases. The basic 

difference from other studies was that there was a moderately strong rear-to-front flow 

induced by a low-level cold front present at low levels behind the system, which confined 

the system surface front-to-rear flow within a shallow layer near the surface. The front-to--

rear flow at low levels ahead of the lea.ding edge was much weaker throughout the evolution 

process compared to the 10-11 June case (Gallus and Johnson 1991) , but the horizontal 

wind shear a.cross the squall line within the system remained relatively strong. 

During the developing and mature stages, the midlevel rear-to-front flow was not 

apparent and remained weak well behind the squall line. At the late mature and dissipating 
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stages, it gradually strengthened at the back edge of the squall line and extended forward 

into the rear of the system, suggesting the important role played by the stra.tiform region. 

Therefore, the two rear-to-front inflows, resulting from different mechanisms, formed a 

deep layer of rear-to-front inflow behind the leading edge during the dissipating stage. 

The relative flew structure along the squall line was nearly identical with the 10-11 

June case (Gallus and Johnson 1991). At low levels behind the leading edge, the relative 

flow was generally dominated by northeastly fl.ow. Southwesterly flow was dominant aloft 

within the system a::id increased toward the rear at upper levels. 

Similar to many previous diagnostic results, a convergence band resulting from the 

front-to-rear flow and midlevel rear inflow extended rearward from low levels near the 

leading edge up to the rear of the system in the line-normal vertical cross-sections. At 

most times, the magnitudes of convergence reached their maximum at low levels around 

the leading edge, indicating the place of the main source of mass and moisture for system 

development and evolution. It gradually increased from the developing to the mature 

stages, and then slowly decreased during the dissipating stage. However, at midlevels 

behind the convectiYe region, convergence generally increased from the developing and 

mature all the way to the dis ipating stages , suggesting the influence of the stratiform 

region increased. Th_ system rear inflow gradually strengthened and developed forward, 

converging more intensively with the opposing front-to-rear flow and supplying more mass 

and moisture to the c.eveloping mesoscale updraft and downdraft in the stratiform region. 

At upper levels, divergence gen rally dominated and its evolution with time was not large. 

During the early developing stage, a narrow vertical band of upward motion corre-

sponding to a narrow convectiv line was present around the lea.ding edge over Oklahoma. 

Moderately strong cc,mpensa.ting downward motion occurred ahead of and behind the 

system. A wide bane. of upward motion was noticed over Kansas where stratiform and 

convective regions co-existed. The squall line became symmetric during its later stages. 

The intensity of upwc.rd motion within the system gradually increased and reached the 

maximum at the mature stage. During the decaying stage, the upward motion weakened 

and the tilting of the 3ystem gradually increased, as the stra.tiform region developed. To 
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the rear of the system, strong downward motion was evident and extended into the low 

levels of the system. Weak convergence and downward motion can also be noticed near 

tropospause above the squall line system. The evolution of vertical motion in the 26-

27 June case was similar to many previous studies. Strong upward motion was present 

throughout almost the whole troposphere in the convective region. The peak intensity 

was located at middle levels between 500 and 600 hPa. In the stratiform region, upward 

motion at middle and upper levels was quite strong with peak values at 450 hPa. Weak 

pward motion was present at low levels and turned into downward at the dissipating 

stage. 

In the 26-27 June case, the contribution to the Q1 profiles at the developing and 

mature stages mainly came from the heating in the convective region. During the decaying 

stage, both convective and stratiform regions contributed nearly equally to the system 

averaged heating profiles. The heating peak was located at middle levels between 500 and 

550 hPa throughout the developing and mature to the dissipating stages, considerably 

lower than the 10-11 June PRE-STORM squall line (400 hPa) (Gallus and Johnson 1991). 

It is proposed that the strength of updrafts may significantly affect the location of vertical 

heating peaks. The large-scale environment (Thompson et al. 1979) and the relative 

area covered by the convective and stratiform regions in the entire system may also be 

important factors contributing to the position of maximum heating. 

The moisture budget clearly showed the contribution from the convective and strati-

form regions at different stages. During the developing and early mature stages, a single 

drying peak was present at low levels around 700 hPa, much lower than the peak heating 

level. It reflects the fact that water vapor was condensed at low levels and the released 

latent heat was transported upward to the midlevels by the strong convective updraft. 

Between middle and low levels some drying features can still be noticed. Such a structure 

may be induced by two different mechanisms: (1) a midlevel dryi g feature generated 

by the trailing stratiform region, especially over the Kansas region, and (2) vertical eddy 

transport of water vapor within the convective region, as proposed by Dudhia and Mon-

crieff (1987) and Lafore et al. (1988). During the late mature and dissipating stages, 
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a double-peak structure became very prominent. The midlevel drying peak was located 

at 475 hPa with a weak moist ening region separating it from the low-level drying peak. 

The magnitudes of the midlev.el drying peak remained nearly constant while the low-level 

drying peak gradually weakened with time. It is believed t at the midlevel drying feature 

during the decaying stage was mainly contrib ted from the stratiform region. 

The diagnosed precipitation rates from Q1 and Q2 generally underestimated the ob-

served rates. In the convective region, the underestimation was about 20 % to 40 %, which 

was mainly due to resolution problem. In the stratiform region, the predicted rates were 

generally 0.5 to 1.0 mm h- 1 smaller than those observed. St rage and resolution problems 

are believed to mainly contribute to the discrepancy. 

During the developing and mature stages, the influence of the squall line on the 

geopotential height field was small. At the late mature and dissipating stages, a prominent, 

deep mesoscale low was present within the stratiform region, supporting the results of 

Brown (1979) and Gallus and Johnson (1992). There was also a mesohigh to the rear of 

the mesolow, which may be combined to expl in most of the dramatic strengthening of 

the rear inflow at the back edge of the squall line during the dissipating stage. 

In the convective region, the pressure gradient acceleration was generally directed 

from front to rear , with Coriolis acceleration opposing it at nearly all levels, similar to 

previous diagnostic studies (Sanders and Emanuel 1976; G lus and Johnson 1992) . The 

magnitudes of both pressure gradient acceleration and turbulent stress were smaller com-

pared to the 10-11 June case, indicative of the weaker intensity of the 26-27 June case. 

But Coriolis acceleration was larger during the early stages, suggesting that it might be 

important during squ 11 line 's early development. The line-normal momentum flux in the 

convective region was generally negative, and negative wind shear was present above 600 

hPa. Therefore, upgra.dient transport was present within most of its evolution, supporting 

the results shown by LeMone (1983) and Gallus and Johnson (1992) . In the stratiform 

region during the dissipating stage, positive momentum flux can be seen at all levels, along 

with negative wind shear above 650 hPa, the momentum flux transport was downgradient. 

The contribution of diabatic heating/cooling effect to secondary circulation forcing 

and frontogenetical/frontolytical effects was investigated using diagnosed Q1 data. Above 



136 

the low-level cold front within the system, compared to geostrophic stret ching deforma-

tion and geostrophic shearing deformation terms, the contribution of the diabatic effect 

to secondary circulation forcing was about one order of magnitude larger, indicating the 

important role the diabatic effect played in the mesoscale circulation. At low leveis around 

the cold front, the three terms contributed nearly equally to the forcing. In the frontoge-

nesis equation, although the diabatic effect was more than one order of magnitude larger 

than the confluence term, it was strongly opposed by the tilting term within the squall 

line. Therefore, the feedback of the squall line to frontogenesis appeared to be small above 

the cold front , although the low-level cold front served as a triggering mechanism for the 

MCS. During the early stages within the frontal zone near the surface, frontogenesis oc-

curred around and ahead of the leading edge, with frontolysis present behind. During 

the decaying stage, frontogenesis only occurred in a small region within the frontal zone, 

while frontolysis took place ahead and behind. This feature may help to explain why the 

movement of both the low-level cold front and the squall line increased during the early 

stages and decreased rapidly and almost ceased at the dissipating stage. 

As in other budget studies using rawinsonde data, resolution is still a problem in the 

26-27 June case. The small width of the squall line at early stages, unevenly distributed 

composited sounding stations due to slow movement of the squall line, affected the accurate 

calculation of w , Q1 , Q2 and other diagnostic quantities. In future mesoscale experiments, 

methods to composite all the rawinsonde data, radar data, wind profiler data and other 

available data should be developed to yield more complete and accurate data sets. 

In the 26-27 June case, for the first time the hea , moisture and momentum budgets 

of a midlatitude frontal squall line from the developing and mature throughout the de-

caying stages were calculated using mesoscale sounding data. Many mesoscale features 

(strengthening of the midlevel RTF flow , midlevel convergence maximum, and mesolow, 

etc) were illustrated as the stratifrom region developed, suggesting the important role 

played by the stratiform region. Further research will be done on the vorticity budget 

to investigate the evolution of vorticity components within the convective and stratiform 

regions. More budget studies of other cases should be performed to show evolution of 
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heating and mois::;ening features in entire squall line development, determine the factors 

affecting the locat ions of vertical heating and drying peaks, explain the double drying 

peak structure in the Q2 profile and illustrate the interaction of squall lines with their 

following low level and/ or upper level cold fronts. 
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