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ABSTRACT 

A composite analysis has been recently made of the boundary layer 

associated with the squall line that moved through the GATE ship array 

on the 12 September 1974, (Johnson and Nicholls, 1982). This observa­

tional study has motivated a modeling investigation of the recovery of 

the squall boundary layer wake which is reported on here. The zero­

order model of the growth of an unstable boundary layer as modified by 

Lilly (1968), and the general structure entrainment model developed by 

Deardorff (1979) are used to simulate the wake recovery and to make more 

explicit the factors influencing the evolution of the mixed layer. A 

procedure is developed for obtaining the fully three dimensional mixed 

layer structure by formulating the model equations relative to the 

squall system in natural coordinates. 

The results of this study show that the most important controls on 

inhibiting boundary layer growth in the wake of this squall line are a 

significant downward vertical velocity at the top of the mixed layer and 

an associated increase in stability of the overlying air. The surface 

buoyancy fl ux also has an important i nfl uence on mi xed layer growth and 

the results indicate that horizontal advection should not be neglected 

if mixed layer specific humidity and dry static energy are to be pre­

dicted. The asymmetrical structure of the mixed layer height is well 

simulated by both models with lengthy recovery times occurring in 

regions of significant subsidence and relatively small surface buoyancy 

fl uxes. 

An unusual profile of specific humidity in the wake of the squall 

1 i ne is i dent i fi ed and an exp 1 anat i on proposed for its occurrence and 

i i 



subsequent development. The specific humidity and dry static energy in 

the mixed layer seem to be predicted fairly well. The model results 

indicate that diabatic heating due to rainfall evaporation and radiation 

is important for sustaining the cool region within the squall wake. 

The results of this investigation may contribute, in addition to a 

better understanding of the physics and dynamics of tropical squall wake 

recovery, to an improved bas is for the parameteri zat i on of convective 

effects in large scale numerical weather prediction models. 

iii 



ACKNOWLEDGEMENTS 

The authors thank Drs. Duane Stevens and Wayne Schubert for 

valuable comments and discussion. We have also benefited from dis­

cussions with Mr. Francis Crum and Mr. Gregory Tripoli. Mr. Tripoli 

provided the algorithm we have used to compute precipitation evapora­

tion. Special thanks are extended to Ms. Machel Sandfort for typing the 

manuscript. 

Thi s research has been supported by the Di vi s i on of Atmospheri c 

Sciences, National Science Foundation under Grants ATM-8015347 and 

ATM-8206808. 

iv 



TABLE OF CONTENTS 

1. INTRODUCTION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 

2. COMPOSITE DATA AND ANALYSIS PROCEDURES................ ...... 6 

3. COMPOSITE RESULTS........................................... 11 
3. a Mixed Layer Depth...................................... 11 
3.b Wind Fields............................................ 11 
3.c Surface Temperature and Specific Humidity Fields....... 18 
3.d Surface Fluxes......................................... 18 
3.e Lapse Rates Above the Transition Layer................. 23 
3.f Lifting Condensation Level......... .... ................ 36 

4. ZERO-ORDER MODEL OF THE GROWTH OF AN UNSTABLE 
BOUNDARY LAyER.............................................. 39 

5. GENERAL STRUCTURE ENTRAINMENT MODEL..... ..... ..... ...... .... 48 

6. NUMERICAL PROCEDURE......................................... 54 

7. RESU L TS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 
7.a Results of the Zero-Order and GSEM With and Without 

Diabatic Heating....................................... 59 
7.b Sensitivity Tests...................................... 80 
7.c A More Detailed Investigation of the Role of Rainfall 

Evaporation and Diabatic Heating.... ... ..... ........... 91 
7.d Development of Specific Humidity and Dry Static 

Energy Profil es. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 

8. SUMMARY AND CONCLUSIONS.......................... ...... ..... 100 

REFERENCES ................................................. . 

APPENDIX A: LIST OF SyMBOLS ............................. . 

105 

108 

APPENDIX B: GSEM WITH DIABATIC HEATING........ ...... ..... 111 

v 



1. INTRODUCTION 

Downdrafts associated wi til deep convective systems significantly 

modify the boundary layer, leading to substantially increased fluxes of 

sensible and latent heat over the tropical oceans. '~ithin the tropical 

eastern Atlantic region during GATE (GARP Atlantic Tropical Experiment), 

downdraft-modified boundary layers or "wakes" accompanying precipitation 

systems were found on the average to cover about 30% of the total area 

(Gaynor and Mandics, 1978; Gaynor and Ropelewski, 1979). It is impor­

tant to understand the effects of deep convective systems on the boun­

dary layer so they might be parameterized in large scale models. If 

modeling of these mesoscale systems themselves is to be attempted, the 

proper treatment of the boundary layer may be an important consideration 

since it coul d have a s i gni fi cant effect on the dynami cs of these 

systems. 

This paper reports on a modeling study of mixed layer recovery 

fo 11 owi ng the passage of the squall 1 i ne that moved through the GATE 

array on the 12 September 1974. Results of the observational study have 

already been reported by Johnson and Nicholls (1982) (hereafter referred 

to as IN), some of which will be repeated here (with some minor modifi­

cations) as well as some additional observations. IN was motivated by 

the work of Gamache and Houze (1982) who have obtained, by a rawinsonde 

compositing procedure, a remarkably coherent description of the three 

dimensional structure of this squall line. They selected a 9-hour 
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period during which the radar structure of the squal I was approximately 

in steady slate and composited GATE ship array soundings relative to the 

center of tile squall radar echo. L·ikewise we have used the same com-

posite procedure but confined our investigation to the boundary layer 

accompanying the squall. 

The 12 September squall line seems to be characteristic of a parti-

cular type of squall line that is fairly commonly found off the coast of 

West Africa at about 15°N, although much more frequently over land. It 

has been shown by Aspl iden et ~. (1976) and Payne and McGarry (1977), 

that the deve 1 opment of squall 1 i nes over West Afri ca is related to the 

passage of large-scale wave disturbances that occur in association with 

the 700 mb east African jet. The preferred location for squall devel­

opment is in advance (1/4 to 1/8 of a wavelength ahead) of the wave 

trough axi s at 700 mb between 10° and 15°N. The squall 1 i nes that 
-1 develop move westward at an average speed of 16 m s They seem to be 

more intense over 1 and than over the ocean presumably due to stronger 

surface heating and, in fact, often decay rapidly as they move over the 

cooler sea surface. This type of system is quite suitable for the study 

of boundary layer recovery since it often has quite a long lifetime. 

Gamache and Houze (1982) have determined that for about a 9 hour period 

the 12 September squall was in approximatly in steady state with a 

fairly symmetrical line arc structure (the gust front). To its rear a 

strongly suppressed wake occurred free of convective scale clouds. 

Turbulence produced by surface friction is apparently small within the 

squall wake (except in the vicinity of the gust front); however, the 

importance of shear production in the interfacial layer is not known 

with certainty. A crude estimate indicates it is probably negligible in 
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some regions behind the squall line where wind shear is small, but in 

other regions, in particular close to the squall front, it appears to be 

significant. A necessary requirement for the applicability of the 

models used in this study is that buoyant production dominates. 

For these squa 11 1 i nes the feedback of the suppressed mi xed layer 

on the dynami cs of the system is probably small. The gust front moves 

at a high speed and the strong convergence along it is responsible for 

deep convection (although the initiation of convection often occurs 

ahead of it as noted by Houze, 1977). Convective cells reach thei r 

maximum intensity some 20-40 km behind the gust front; at this stage 

they have developed strong convective scale evaporatively driven down­

drafts which maintain the gust front and also cut off the low level 

source of convectively unstable air. Strong convective activity is thus 

inhibited leading to a fairly narrow line (~ 50 km wide) of deep con­

vective cells which give way to weaker mesoscale ascent 'in the anvil and 

descent beneath this. A schematic cross-section of the squall structure 

is shown in Fig. 1 (from Zipser, 1977). This study focuses on the 

recovery of the mixed layer behind the region of convective scale down­

drafts. The development of the mixed layer in this region obviously has 

no effect on the behavior of the gust front but is important in deter­

mining the time scale for which strong convection is inh'ibited after the 

passage of the squall line. In some systems such as a comparatively 

slow mov'ing cloud cluster or a tropical storm the development of the 

downdraft modified boundary layer may have a significant feedback on the 

dynamics of the systems themselves. 

Two models have been used in thi s study to explore the factors 

controlling mixed layer development following the passage of the squall 
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line: a zero-order jump model in which there are discontinuities in the 

thermodynami c fi e 1 ds at the top of the mi xed 1 ayer, and the genera 1 

structure entrainment model (hereafter referred to as the GSEM), whi ch 

more realistically includes a finite depth transHion layer. Previous 

modeling studies of mixed layer recovery following the passage of a 

squa 11 have been made by Z i pser (1977), and F i tzj a rra 1 d and Gars tang 

(1981) , us i ng the zero-order jump mode 1. Both of these had to make 

fairly crude estimates of the vertical velocity at the top of the mixed 

layer. Zipser's results showed that mesoscale sinking behind the squall 

line could account for the shallow mixed layers. Fitzjarrald and 

Garstang obtained qualitative agreement with the observations of mixed 

layer height, temperature and humidity, but did not use observed time 

varying fields of important quantities such as surface fluxes, lapse 

rates and horizontal velocity. 



2. COMPOSITE DATA AND ANALYSIS PROCEDURES 

The primary data used in thi s study are from the GATE AlB and 

C-scale rawinsonde archive obtained from the World Data Center A, 

Asheville, NC. The observations are from an array of fifteen ships, 

eleven of which are shown in Fig. 2. The four that are not shown in 

this figure, but which are used to some extent in the subsequent analy-

ses, complete an outer hexagonal array, the AlB-scale array. A detailed 

discussion of the vertical resolution of the data is given in IN. 

During the period of our composite analysis (0900-1800 GMT, 12 

September 1974), soundings at 3-hourly intervals were obtained from most 

of the 15 ships. Hourly positions of the leading edge of the squall 

radar echo (taken from the paper of Gamache and Houze (1982)) are shown 

in Fig. 2 for the period 0900 to 2100 GMT. During this time the squall 

line moved southwestward across the region at an average speed of 13.5 m 
-1 s Est imated center pos i t ions of the squall 1 i ne at each hour are 

i ndi cated by crosses. The reader is referred to Gamache and Houze 

(1982) for details regarding the composite analysis and compositing 

procedures. 

Two components of the squall radar echo have been identified by 

Gamache and Houze using ship-based weather radars: (1) the squall line 

itself and (2) the post-squall anvil region. The former feature refers 

to the cumulonimbus convection on the leading edge of the squall system. 
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The squall 1 i ne has a movement that is at times characteri zed by di s-

crete propagation that takes the form of new growth of convective cells 

out in advance of old ones, while old ones to the rear weaken (Houze, 

1977). The post-squall anv'il region refers to the nearly continuous 

stratiform cloud system of mesoscale (- 200 km) dimension trailing the 

squall line (Houze, 1977; Zipser, 1977a). The average boundaries of 

these squall components will be outlined in subsequent figures. 

Mi xed 1 ayer depths have been determi ned for shi p soundi ngs that 

show an approximately well-mixed structure in dry static energy sec" 

c T +gz). Both profil es of sand speci fi c humi di ty q were used to est i­
p 

mate subjectively the depth of the mixed layer by locating positions of 

abrupt changes in 1 apse rates (e. g., Esbensen, 1975). 

The vertical velocity at the top of the mixed layer has an impor-

tant influence on its growth. Horizontal wind velocities measured by 

rawinsonde are not very accurate very close to the sea surface (see 

discussion in IN). We have chosen to determine the vertical velocity at 

970 mb using the divergence fields at this level and at the surface, as 

a reasonable compromise between having fairly accurate wind data and 

being close to the mixed layer height. The vertical velocity at the top 

of the mixed layer is then obtained by interpolating between the surface 

and 970 mb. The vertical velocity field at 970 mb has been determined 

from the continuity equation. Hence 

970 mb 
w(970 mb) ~ wsfc - J VH'~dp - <VH'~> ~p 

Psfc 

where the angled brackets refer to the average between Psfc and 970 mb. 

It can be shown from the composite analysis of the pressure field in IN 
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that it is a good approximation to let wsfc be zero. Wind vectors were 

plotted at the surface and at 970 mb and a sUbjective streaml i ne and 

isotach analysis carried out. Divergences were calcu'lated at these 

levels using a 60 km grid, and then averaged so as to obtain w(970 mb). 

Surface sensible and latent heat fluxes Sand LE 1 respectively, o 0 

have been determined using ship boom data from the §inis, Dallas, 

Researcher and Oceanographer and the bulk aerodynamic relationships 

(2.1) 

(2.2) 

where p is the mean density, Cp specific heat, Ch the bulk transfer 

coeffi ci ent for sens i b 1 e heat, C the bul k transfer coefti ci ent for e 

water vapor, Eo the surface evaporation, and 010 the mean wind speed at 

10 m. The subscripts 0 and 10 refer to values at the ocean surface and 

10 m respectively, and overbar to a time average (10 minute means are 

used in our ana lyses). The recommended values for Ch and C
e 

for both 

undisturbed and disturbed conditions are 1.6 ± 0.5 x 10- 3 and 1.4 ± 0.4 

-3 
x 10 , respectively (U.S. GATE Workshop, 1977). A correction term that 

reflects the dependence of C on specific humidity has been added to 
p 

( ) in some recent studies (e.g., Reinking and Barnes, 1981) based on 

an analysis by Brook (1978). More recently, however, Frank and Emmitt 

(1981) and Bus i nger (1982) have argued that Brook I s correction is in 

error and, therefore, we have negl ected it. The surface buoyancy fl ux 

is formulated in terms of the virtual static energy 
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Sv = s(1+O.61q). (2.3) 

From this equation it can be shown (e.g. Arakawa and Schubert, 1974) 

that the surface flux of virtual static energy Fsv = (WIS~)O is given by 

(2.4) 



3. COMPOSITE RESULTS 

3.a Mixed Layer Depth 

A subjective analysis of the mixed layer depths for the composite 

squall is shown in Fig. 3. It can be seen there as an extensive area 

behi nd the squa 11 1 i ne where the mi xed 1 ayer is very sha 11 ow. There is 

a significant asymmetry in the mixed layer structure about a centerline 

perpendicular to the squall line. Another noticeable feature of the 

composite mixed layer analysis is a region of shallow mixed layers in 

advance of approximately perpendicular to the squall. This feature is 

most likely associated with a line of cumulonimbus convection that 

existed preceding the squall (Zipser, 1977a,b; Gamache and Houze, 1982). 

3.b Wind Fields 

The surface and 970 mb flow fi e 1 ds are shown in Fi gs. 4 and 5. 

They differ slightly from IN since some attention there was given to 

soundings at 2100 in regions of sparse data, although the squall system 

was only reasonably approximated by steady state between 0900-1800. 

These are felt to be unrel iable and have been neglected here. The 

surface analysis shows (1) a confluence line perpendicular to and in 

advance of the squall line, (2) a convergence line coincident with the 

leading edge of the squall and (3) a strong diffluence center beneath 

the mesoscale anvil cloud. The vertical velocity field at 970 mb (375 

m) is shown in Fig. 6. It shows a region of strong mesoscale subsidence 

behind the squall line, offset somewhat from the surface diffluence 
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Composite mixed layer depth em) (redrafted from Johnson and 
Nicholls, 1982). Actual depths at sounding positions are 
indicated; VS denotes a very stable lapse rate in the lowest 
several 100 m at indicated sounding position. Scalloped curve 
encloses estimated area of very stable boundary layer. Dark 
and light shaded regions denote squall-line (convective echo) 
and anvil stratiform echo) regions, respectively. BLIS obser­
vations are from tethersonde instrumentation aboard the Dallas. 
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Composite surface streamline flow. Dashed lines are isotachs 
ems-I). 
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i sotachs. 
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center due to the increase in wind speed that occurs towards the squall 

front. Well behind the squall line weak upward vertical motion is 

di agnosed. Si nce the vert i ca 1 motion at the top of the mi xed 1 ayer 

turns out to be an extremely important factor in determining its growth, 

and the vertical velocity at a particular height will be obtained using 

divergences at two discrete levels (the surface and 970 mb), it should 

be asked how accurate this procedure is. What is noticeable from the 

streamline analyses is that the 970 mb d-iffluence center is signifi­

cantly displaced from that at the surface by about 100 km. fhe actual 

vertical velocity at an intermediate height, say 990 mb depends on the 

mean divergence between the surface (1010 mb) and 990 mb, and consider­

ab 1 e error' may be incurred i nterpo 1 at i ng from 970 mb due to the s i g­

nificant variation in the wind field with height (moreover, the vertical 

velocity field determined at 970 mb is in error due to estimating the 

mean di vergence by the average between the surface and 970 mb di ver­

gences). In fact, the surface streamline analysis could be as similar 

to the wind field at very low levels (> 990 mb) as is the 970 mb stream­

line analysis. To get some feel for this the vertical velocity at 970 

mb computed from the surface divergence field only, in other words 

allowing for no variation of wind with height, is shown in Fig. 7. 

Interpolating to low levels (> 990 mb) with this vertical motion field 

may be as good as us i ng the former. There are evi dent ly some differ­

ences between these two fields; in particular, the maximum vertical 

velocity computed using the surface divergence only, is stronger. Since 

for modeling purposes we need the vertical velocity between 1000 mb and 

about 950 mb, it seems reasonable to i nterpo 1 ate from the vert i ca 1 

velocity at 970 mb calculated using the average divergence between the 

surface and this level, but the degree of approx-imation should be noted. 
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3.c Surface Temperature and Specific Humidity Fields 

Accompa''lyi ng the passage of the squa 11 is a sudden drop i n thl~ 

temperature of ~. 4°C wi th the coo 1 est surface ai r ~ 50 km belli nd thl: 

leading edge of the squall (Fig. 8). As discussed by Houze (1977) and 

Zipser (1977a), it takes a considerable ·Iength of time ~ 6-8 h (corres" 

ponding to N 300-400 km) for the surface air to warm to pre-squall 

conditions. The sur'face specific humidity depression is delayed how·' 

ever, and does not reach a minimum until ~ 3-4 h (150-200 km) after th,~ 

squall passa~le (Fig. 9). The maximum depression of specific humidity at 

the surface below ambient values is ~ 3-4 g kg- 1 

The lag in the surface drying (reduction in specific humidity) 

behind the squall line has been discussed by Zipser (1977a) and 

Fitzjarra 1 d and Garstang (1981b). The 1 at ter authors attri bute thE' 

drying and its coincidence with the period of surface wal'ming to thE 

occurrence of rap; d deepeni ng of the mi xed 1 ayer and entrai nment of 

drier air from above. The modeling study will enable this question to 

be addressed. 

3.d Surface Fluxes 

The strong winds immediately behind the leading edge of the squall 

line produce a sudden increase in the instantaneous fluxes of sensible 

and latent heat. The composite analysis of surface latent heat flux is 

shown in Fi g. 10. The enhancement of the 1 atent heat fl ux over the 

majority of the wake area can 1 arge ly be attri buted to s i gnifi cant 

surface drying (Fig. 9). 

The virtual static energy flux is shown in Fig. 11. It is pri­

marily the surface cooling by convective downdrafts that contributes to 
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Fig. 8. Composite surface temperature at ship deck or ~ 10 m level (DC). (redrafted from Johnson and Nicholls, 1982) 
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Fi g. 9. 
-1 Composite surface specific humidity (g kg ). (redrafted 

from Johnson and Nicholls, 1982) 



Fi g. 10. 
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Composite Surface 
Latent Heat FI ux (W m-2 ) 

100 km 

.G 

G 
100 

-2 Composite surface latent heat flux (W m ) (redrafted from 
Johnson and Nicholls, 1982). Hourly positions of Gillis (G), 
Meteor (M), Dallas (D), Researcher (R), and Oceanographer (0) 
are indicated by dots. 



22 

-~----- -_._--
Co t'Y\ f'o,site SLLrtfa.C0 
ViriwJ SiA-Uc EI\(,~~ Flu.x (W MOL) 

__ 10 

-------

Fig. 11. Composite surface virtual static energy flux (W m-
2

)_ 

1 
I 
i 



23 

enhanced virtual static energy flux over most of the anvil region. 

Maximum values of both virtual static energy and latent heat fluxes 

occur on the south east side of the squall system and a relative minimum 

occurs near the center of maximum surface di vergence whr:!re W"j nds are 

very 1 i ght. 

3.e Lapse Rates Above the lY'ansition Layer 

Above the mixed layer top there exists a transition layer (or 

interfacial layer) about 100 m thick which normally has a very stable 

lapse rate of dry static energy. The growth and thermodynamic structure 

of an entraining mixed layer is highly sensitive to the type of air 

above the transition layer. Hence special attention is being given to 

the development of the dry static energy and specific humidity profiles. 

Some profiles of dry static energy and specific humidity found behind 

the squall line are shown in Figs. 12 to 16. The ships Oceanographer, 

Researcher, Dallas and Meteor are denoted by O,R,D, and M respectively, 

and the time of the sounding (GMT) is given in parenthesis. Figs. 12 

and 13 all show a mixed layer structure except for the 0(1513) sounding 

which was taken close to the squall front (just outside the convective 

region); apparently in this region mixed layers, if they exist at all 

have depths smaller than that resolvable by the sounding data (~ 50 m). 

Figs. 14 and 15 show profiles of specific humidity; note that most of 

these profiles have an unusual structure, with a minimum in specific 

humidity occurring some distance above the surface capped by a relative 

maxima. Fig. 16 shows two soundings taken about 3 hrs later than the 

period during which the squall system could be considered to be in a 

steady state; again an unusual specific humidity profile is observed. 
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It can be seen from these profiles that it is difficult to estimate 

transition layer depth but that it appears to be about 100 m. 

(Fitzjarrald and Garstang, (1981a) using an extensive set of GATE boun­

dary layer profiles obtained a median transition layer thickness of 100 

m and a mean of 183 m.) 

Fig. 17 shows the composite analysis of the gradient of the dry 

static energy (ds/dz) above the transition layer. There is a signifi­

cant increase in stability above the transition layer that occurs in the 

wake of the squall line. Fig. 18 shows the composite analysis of the 

gradient of specific humidity (dq/dz) above the transition layer. The 

ship positions and time of soundings are indicated and can be matched to 

the profiles of Figs. 14 and 15. This analysis is somewhat speculative 

and partly based on the following hypothetical model of the development 

of the 1 apse rate: Convective downdrafts occur in cores or ce 11 sand 

result in ai r ori gi nally at about 3 km or above bei ng brought down to 

the surface (Betts, 1976). Idealized schematic profiles of the modifi­

cation of the dry static energy and specific humidity from ambient 

values ahead of the squall line to values just behind the region of 

strong convective downdrafts are shown in Fig. 19, A and B. The dry 

stat i c energy and specifi c humi di ty profil es in B shoul d be compared 

with the 0(1513) sounding (Figs. 12 and 14). Just after the squall 

passage the mixed layer is absent or extremely small. The formation of 

the relative maxima in specific humidity at 1 km or higher from the 

surface is hypothesized to occur due to dry air (in the sense that q is 

less) from the convective downdrafts spreading out beneath moister air 

in between downdraft cores. Although rainfall evaporation is large in 

the convective downdraft air, it is conceivable that it arrives at the 
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Fig. 17. Composite stability atop the mixed layer inversion em s-2) 
(redrafted from Johnson and Nicholls, 1982). Scalloped curve 
enclosed estimated area of very stable boundary layer as in 
Fi g. 3. 



-.5 

-5-0 

31 

GrCLd.ient of Syec.iSic Hl.l""iJit~ 

a.bove Tro..\'\siti~1'\ La.~"r (~R~-I~rril) 

-4,3 

• bO 

-5·S 

I 
(0,06) 

- 3·~ 

-",0 . . 
/ 

I 

I 

-13 . 

/" R(IIS4-) 
• - :,·3 

0 
/ 5 

/ ". 

/ / ~ 11.0 

I 
f I 

/ Q(I~23) f$.O 

+1 .• 
( '- - ..... / 

\ ---- ' ..... _/ 

M(I\I/) Q(/b'~', 
-1.0 +l-'S /' b~~Ol), _ .,., ,-

. o!~ \ ~~'O'I 
R[!JI'lJOll ./ -10-5 
-IS . 

-3,5 

5 
0 
I 

} 

/ 

I 

/ 

0(0905\ 
-~"~ L-________________________ _ 

Fig. 18. Composite lapse rate of specific humidity atop the mixed 

layer inversion. The ship and time of some of the soundings 

are indicated and can be matched with those of Figs. 12 and 
13. 



32 

tro ..... l;U,)i\ 
1,";jU 

o -- - ,---------- --- -- - -------,-- ._--
2..(1~ 300 .~ 0 z. 

Soo 

o 

I 
looe 1 

i 

s~1 : ___ _ 
o --- ---.-__ -,-__ _ 

IDo? 

Soc> 

D 

:L"I'l 300 

S (iT ") --~ 
- ~ 

\ 

1<;-

't I ~. 

, 

-­ I 

J 

-__ ,----t __ --,-__ . __ 
I b Ii 

1(,. ')< 

" ill 
t( ~ k~') -) 

A 

8 

c 

D 

Fig. 19. Idealized schematic profiles showing the modification of dry 
static energy and specific humidity that occurs with the 
passage of the squall system. (A) Shows thermodynamic struc­
ture of air ahead of squall line. (B) Just outside the region 
of convective scale downdrafts (~50-100 km behind leading edge 
of squall line). (C) Middle of squall wake (~ 100-250 km 
behind leading edge). (D) Rear of squall wake (> 250 km 
behind leading edge). 



33 

surface with a lower q than the surrounding air (it could still be 

nearly saturated due to its low temperature). Fig. 20 shows moist 

static energy (h = c T + gz + Lq) profiles for three soundings ahead of p 

the squall 1 i ne and three soundi ngs withi n the squall wake. There is a 

considerable decrease in the low level moist static energy after the 

passage of the squall line. Also noticeable in the soundings within the 

squall wake, in particular for R(1902) and Q(1501) is a minimum in moist 

static energy just above the surface capped by a relative maxima, very 

similar to the specific humidity profiles (see Fig. 14). These profiles 

are consistent with the idea that air from convective downdraft cores 

spreads out at the surface beneath air which has not originated from 

such a hi gh 1 eve 1. The depth of thi s convective ly produced downdraft 

outflow seems to be between 500 m to 1000 m. 

Another possible factor contributing to the unusual specific humi-

dity profile could be rainfall evaporation underneath the anvil being a 

significant function of height. However, this could not account for the 

shape of the moist static energy profile. (Note that low level moist 

static energy can be increased by sensible and latent heat exchanges at 

the sea-air interface.) Rainfall evaporation combined with the effect 

of vertical wind shear could also playa part. Gamache and Houze l s 

(1982a) 850 mb streamline analysis shows that the wind speed relative to 

the squall is less at this level than it is at the surface. If we 

followed an air parcel starting at 850 mb compared to one at the sur-

face, re 1 at i ve to the squall, we woul d expect it to descend in the 

mesoscale downdraft (see Fig. 6) and since it is moving slower relative 

to the squall line than air closer to the surface, to remain within the 

rai nfa 11 regi on for longer and thus mi ght increase its moi sture content 

over that of the air directly beneath it. 
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To understand how profile B might develop as we follow the air 

parcel trajectory, it helps to consider the equations to be derived in 

Chapter 5 for the gradients of virtual static energy and specific humi-

dity in the stable air above the transition layer. (These equations 

were used by Carson, 1973.) For the case of constant divergence (with 

height) 

r Sv 
W(z) 

z 

dHf -( ) 
~=-f ~ 
dt q z 

(3.1) 

(3.2) 

where fSv (= ds/dz) is the gradient of virtual static energy and f q (= 

dq/dz) is the gradient of specific humidity (note that gradients are the 

negative of the lapse rates). These equations indicate that subsidence 

will act to increase the magnitude of the gradient and that this rate of 

change is proportional to the gradient. If we were to follow the tra-

jectory relative to the squall line of a column of air with profiles B 

some 50-100 km we might qualitatively expect the new profiles to look 

like those in Fig. 19C. Subsidence has brought the relative maxima in 

the specific humidity profile closer to the surface and the mixed layer 

has started to recover. Furthermore, the mi xed 1 ayer is growi ng into a 

region having a strong negative gradient of specifi c humidity. The 

gradient of virtual static energy above the trans it ion layer is also i n-

creasing as long as subsidence is occurring (at least as long as fSv is 

fairly constant with height). Compare the prof; 1 es in C to those of 

Researcher (1902) and Quadra (1501) in Fi gs. 12 and 14. If subsidence 

cont i nues, the mi xed 1 ayer may be expected to grow into air where the 

gradient of specific humidity changes sign and becomes positive, see 
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profiles D. This could be compared to the soundings of Meteor (1811) 

and Quadra (1823) (see Figs. 12, 13, 14 and 15). The soundings of 

Dallas (1802) and Quadra (1630) (see Figs. 13 and 15) are harder to 

classify and could have strong negative gradients of specific humidity 

above the mixed layer or they could be positive. The sounding for 

Oceanographer (1804) (see Fig. 15) is somewhat anomalous and unfor­

tunately, dry static energy could not be obtained for this sounding. 

The specific humidity profile apparently shows a lower mixed layer 

height than would be expected in this region and no relative maxima 

above the surface as do other soundi ngs. The mi xed 1 ayer is also very 

dry. Fig. 16 shows the soundings at Oceanographer (2115) and Quadra 

(2101). Since by this time the squall line was well into its decaying 

stage little attention has been given to them for purposes of the com­

posite analysis. However, they are good examples of the large differ­

ences in the gradients of specific humidity at the top of the transition 

layer that can occur. Oceanographer (2115) has a strongly negative 

gradient at the top of the transition layer (unless the transition layer 

is some 300 metres thick which is very unlikely), whereas, Quadra (2101) 

seems to have a pos it i ve grad; ent. Further di scuss; on of the 1 apse 

rates will be deferred until Chapter 5 where a more quantitative analy­

sis will be attempted. 

3.f Lifting Condensation Level 

Fig. 21 shows the composite lifting condensation level. Comparison 

with Fig. 3 shows that there are no regions where the mixed layer height 

exceeds the lifting condensation level, as expected. Just ahead of the 

squall line the lifting condensation level is low and only slightly 

higher than the mixed layer depth whereas in the wake of the system the 
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di fference is 1 arge, about 500 metres. Thi s 1 arge difference accounts 

for the absence of shallow clouds atop the mixed layer in the wake 

region. 



4. ZERO-ORDER MODEL OF THE GROWTH OF AN 

UNSTABLE BOUNDARY LAYER 

The composite ana lys is provi des suitable i nformat i on for under-

taking a detailed modeling study of the boundary layer. A simple model 

of the mixed layer is the zero order model developed by Ball (1960) and 

Lilly (1968). The version of the model used here will consider the 

effects of advection, variable lapse rate of virtual static energy and 

specific humidity, the vertical velocity at the top of the mixed layer, 

use the diagnosed buoyancy and latent heat fluxes, and allow inclusion 

of radiative and evaporative cooling. 

To apply this model it is required that the Movin Obukhov length is 

small compared to the depth of the mixed layer, so that the production 

of turbulence by surface friction is negligible compared to that by 

buoyant convection. The Movin Obukhov length is given by 

(4.1) 

where u* is the friction velocity, Sv the virtual potential temperature, 

K Von Karman1s constant, and (WIS~)O the surface flux of virtual poten­

tial temperature. The friction velocities can be formulated in terms of 

a drag coefficient and wind speed, i.e. u* = ~cDu2. Taking the follow-
-1 -1 ing values, Co = 0.0015, u = 5 ms Sv = 3x105 J kg , K = 0.4, (WIS~)O 
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-1 = 25 m K s we obtain L = -24 m. Thus to a reasonable approximation 

turbulence driven by surface friction can be neglected in the squall 

wake. 

Another important consideration is the production of turbulence due 

to wind shear in the transition layer. Deay'dorff (1978) estimated using 

results from the study by Moore and Long (1971) that the shear-driven 

entrai nment becomes of equal or greater importance than convective ly 

driven entrainment when ~u > 6 w* where ~U is the magnitude of the mean 

flow difference across the interfacial layer, and w* the convective 

scale velocity given by 

1/3 
w* = [(g/SV)H(W'S~) ] (4.2) 

o 

where H is the mixed layer depth. If the transition layer depth is 

about 100 m and if we estimate ~u from wind profiles (not shown), the 

ratio of ~u to 6 w* takes values between 1/12 - 4/5 with a mean of - 1/2 

within the squall wake. The high value of this ratio for some soundings 

indicates that turbulent production due to wind shear could be signifi-

cant. It should be pointed out that unlike the thermodynamic variables 

momentum did not appear to be well mixed within the mixed layer and no 

distinct jump in wind speed ~u was observed across the transition layer. 

As has already been discussed (p. 8) there is quite a bit of uncertainty 

in the low level wind speeds measured by rawinsonde. 

The zero-order model is highly idealized and considers discontinu-

ities in the thermodynamic fields. Idealized profiles of mean virtual 

static energy Sv and of mean flux WIS~ for the model are shown in Fig. 

22. The capping inversion to the mixed layer is represented by ~sv' No 
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clouds exist atop the mixed layer as was discussed earlier (p. 36). The 

equations for the growth of the mixed layer height and inversion 

strength are obtained in the following manner. The thermodynamic equa-

t ion is 

(4.3) 

where Q represents diabatic effects due to radiation and rainfall eva-

poration. Because there are no clouds, we can neglect condensation. 

The Boussinesq approximation is made and with Reynolds aver'aging we 

obtain 

-
as v 
<:it + v·vs o N V (4.4) 

where v is the horizontal velocity. 

If we consider infinitesimal displacements above and below H to the 

heights h+ and h_ respectively, then integrate between these levels, we 

obtain 

h+ - h+ h+ as 
f v dz + f 'J'vs dz = -f a (ws v 

+ WI S I )dz 
at ~ v az v h h_ h - -

h+ 
(4.5) 

-J aF R - dz 
h paz 

where we have represented the radiative or evaporative cooling term in 

flux form. Using Leibnizls rule and taking the limit as h+ - h -7 0 we 

obtain 
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(4.6) 

where wH is the mean vertical velocity at H, FsvH the buoyancy flux, and 

~FR is the jump in the radiative or evaporative flux at H. In the case 

of rainfall evaporation we envisage a flux of rain which is depleted 

within the transition layer by evaporation which causes a proportional 

amount of cooling. Of course in this model the transition layer is 

infinitesimal; however, in application its depth must be taken into 

account to estimate the evaporation of rain. At h+ we have 

(4.7) 

where Q+ is the diabatic heating at h+. Therefore 

a~sv dh+ 
w+) (v·Vs \ 

oSv(h_) 
ar- -- r (dt ot + Q+ s ~ v + v 

(4.8) 

where ~sv = s/h+) - 5 (h ) and v - w+ is the vertical velocity at h+. 

Integrating (4.4) from the surface to h we obtain 

os (h ) F -F s h v - + v 'Vs (h ) 
svo v - + Q (4.9) = at ~m v - h m 

where Ym is the mean vel oci ty, averaged through the depth of the mi xed 

layer and Qm the mean diabatic heating term. Substituting (4.9) into 

(4.8) we find 
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(4.10) 
Fs h -Fs 0 

+ 
v - v 

h 
+ 6.Q 

where 6.Q = Q+ - Qm' Taking the limit as h+ - h 7 0 and substituting 

from (4.6), we find 

a~s 
__ v + v.\I~s at ~ v + ~Q (4.11) 

where it has been assumed that horizontal velocity is independent of 

height. The system of equations (4.6) and (4.11) is incomplete since 

the buoyancy flux Fs H has not been specified. The conventional closure 
v 

assumption (Betts, 1973; Tennekes, 1973) is to make it proportional to 

the surface buoyancy flux, i.e. 

(4.12) 

where k is an entrainment parameter normally considered to have a value 

between 0.2 and 0.5. The buoyancy flux at the top of the mixed layer is 

negative. Eq. (4.6) shows that the growth of the mixed layer occurs by 

entrainment of potentially warmer air from above. Work is required to 

carry warmer air downward to be mixed into the boundary layer and so 

studies of this problem have normally considered the turbulent energy 

equation. Following Zeman and Tennekes (1977) we write 

(ae) =.9(57) -~z(ewl+piwl)_f, 
at H T v H u P H H 

(4.13) 
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where e represents the mean turbulent kinetic energy and e the dissipa-

tion rate (other notation conforms to the usual conventions). Turbulent 

production due to wind shear across the transition layer has been neg-

lected. Neglecting the term on the LHS of (4.13), i.e., assuming the 

turbulence "is steady, and parameterizing the flux convergence term by 

(4.14) 

where Ow is the r.m.s. turbulence velocity in the mixed layer and H an 

appropriate length scale (the coefficient cF can be discounted for loss 

due to dissipation), we find 

3 
Ow T 

(s 'w l
) - C v H - - F ~ 9 (4.15) 

Now in convective conditions, the turbulence intensity is proportional 

to the convective scale w* defined by Eq. (4.2). Substituting w* for ° w 

(letting cf absorb the constant of proportionality) we obt.ain 

- c (STWT) F v 0 
(4.16) 

which is Eq. (4.10) where k=c F. This expression was first derived in 

this manner by Tennekes (1973). Zilitinkevich (1975) parameterized the 

local rate of change of turbulent kinetic energy in Eq. (4.13); however, 

an extensive study of this problem by Driedonks (1982) suggests it is 

unnecessary to take it into account. Driedonks recommends a low value 

for k of 0.2, whereas we have used the slightly higher value 0.25 in 

this study following Fitzjarrald and Garstang (1981b). The sensitivity 

of model results to the value of k will be examined. 
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Similar equations hold for the specific humidity as for the virtual 

static energy except the closure assumption is no longer valid. For 

specific humidity we have (assuming no evaporation) 

dq F-F 
~=~~ 
dt H 

F f F-F 
dng = _ "~+ gH go 
dt ~q H 

(4.17) 

(4.18) 

(4.19) 

where qm is the specific humidity in the mixed layer, F qo and F qH the 

fluxes of specific humidity at the surface and at the top of the mixed 

layer respectively, fq the gradient and ~q the jump at H. Substituting 

(4.6) into (4.18) we find (neglecting diabatic heating) 

F = ~ Fs H' (4.20) qH 6.s v v 

and substituting this equation into (4.19) we obtain 

dng= 
dt 

Fs H F 
v (f -~) - -..9.Q 

~sv q H H 

Garstang and Fitzjarrald (1981b) found that the ratio 

(4.21) 

(4.22) 

is not constant in contrast to the ratio of the fluxes of virtual static 

energy. We can see from Eq. (4.17) that mixed layer drying requires FqH 

to exceed F (R > 1). qo 
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This model has a discontinuity in the thermodynamic variables at 

the top of the mixed layer, so that the transition layer is infinitesi­

mal. In reality the transition layer has a finite depth of about 100 m. 

The height H when appl ied to the real atmosphere probably is best re­

garded as the distance from the surface to the middle of the transition 

layer rather than the mixed layer height. This view seems to be the one 

taken by Carson (1973) and Deardorff (1979). When the mi xed 1 ayer 

height is large this distinction probably is not very important, how­

ever, since in the squall wake the transition layer is almost as large 

as the mixed layer in some regions, it could be significant. This has 

been the main motivation for also using the GSEM which allows for a 

realistic transition layer of finite depth. 



5. GENERAL STRUCTURE ENTRAINMENT MODEL 

Since ~s and L'.q jumps are observed to occur over a significant 
v 

vertical depth, models have been developed which attempt to include 

this, notably Betts (1974), and Deardorff (1978). These models are by 

necessity more complicated and there have not been very many comparisons 

of these models wi th observations. Due to the fact that the trans i t ion 

layer is a s·ignificant fraction of the depth of the mixed layer for the 

case being studied, Deardorff's GSEM has been used for comparison with 

the zero-order model. 

The model is portrayed in Fig. 23. Instead of utilizing the height 

H where w's'v is most negative, it utilizes the buoyancy flux crossover 

height hI where w's' = (w's') = O. v v 1 In the transition layer Sv is 

written as 

(5.1) 

where f(~, t) is a dimensionless shape factor defined in this region 

with respective limits 0 ~ f ~ 1. 

The Reynolds averaged thermodynami c equation (negl ect i ng di abati c 

heating) 

o --- wls' oZ V 
(5.2) 
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is integrated from h1 to h2 yielding 

(wrsr) 
v 1 

(5.3) 

upon invoking Leibniz's rule neglecting any variation of horizontal 

velocity with height in the layer but allowing a linear variation of 

w(z) and using the outer boundary condition 

(WTST) = O. 
v 2 

(5.4) 

Later the crossover flux (w ' s')l will also be set equal to zero 

(for now it is retained in the more general form so that the analogous 

equations for specific humidity can be obtained by simply substituting q 

for sv)' ThE~ quantity Y in (5.3) is the integral shape factor defined 

by 

f dz. (5.5) 

From (4.1) the integral of Sv in (5.3) is given by 

s 6.h + 6.s 6.hY. vm v 
(5.6) 

Substituting (5.6) into (5.3) performing the differentiation and re-



51 

arranging terms we find 

where 

cit. 5 

~S W = a(WTST) - (1 + a)(WTST) + Y~h dt V 

v el v 0 v 

- (1 - Y) ~sv (~h - ~w) + ~sv~h ~~ 

"w = w W 
Ll 2 - l' 

h2 -hI 
a=( h ), 

1 

and where the mixed-layer warming-rate equation 

ds (WTST) - (WTST) vm _ v 0 v 1 
~ - hI 

has been used. 

The equation for d~sv/dt can be shown to be 

(W?) - (WTST) v 0 v 1 
hI 

(5.7) 

(5.8) 

(5.9) 

(5.10) 

(5.11) 

(5.12) 

Deardorff argues that the term dY/dt in (5.7) is negligible On sub-

stituting (5.12) into (5.7) and making this approximation, we obtain 

(I-GY)~s w 1 = a(I-Y)(WTST) - (l-a-aY)(w ' sv')1 v e v 0 

- (I-Y-GY)~s (d~h - ~w) 
v dt 

(5.13) 



where 

where 

rs (h2-h1) 
G = _v-,--__ 

,t1s v 
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Invoking (w ' s ' v)l = 0, (5.13) becomes in dimensionless form 

1/3 
w* = [~L h (WTST") ] 

sv 1 v 0 

is the convective velocity scale, and 

(5.14) 

(5.15) 

(5.16) 

(5.17) 

Deardorff suggests the following approximation for the integral shape 

factor 

Y = 0.55 exp (-0.27G). (5.18) 

He also hypothesizes the following growth equation for ~h 

(5.19) 

where 

(5.20) 
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Q3 = (1 - Y)/(l - GY), (5.21) 

Q = QO.4 
1 3· (5.22) 

It should be noted that in Deardorff (1979) this equation was only 

tested with laboratory experiments for the case of no subsidence, i.e. 

for t1w = O. 

To obtain the equations for specific humidity q is substituted for 

Sv in equations (5.11), (5.12), (5.13) and (5.14). In the case of 

specific himidity the flux at hI is in general not equal to zero as it 

is for the flux of virtual static energy. The same integral shape 

factor Y will be assumed for the specific humidity as for the virtual 

static energy. 



6. NUMERICAL PROCEDURE 

Both models have prediction equations for H, svm' 6s v' qm and 6q, 

the equations (4.6), (4.9), (4.11), (4.17) and (4.19) respectively, for 

the zero-order model, and the equations (5.8), (5.11), (5.12) and the 

appropriate equations for qm and 6q, respectively, for the GSEM. These 

equations can be solved once we have specified from observations the 

initial values of these quantities and the fields of ~r' wH' Fs 0' rs ' 
v v 

F and r (Here vis the wi nd velocity re 1 at i ve to the squa 11 1 i ne qo q' -r 

and is necessary to obtain the substantial derivative as will now be 

described). 

The method used to solve these equations is similar to that used by 

Schubert et a 1. (1979), in that the equations are formulated in the 

natural coordinate system. However, we also transfer to a coordinate 

system moving with the squall line which ;s assumed to be in the steady 

state and moving at 13.5 m s-l in a fixed direction. Relative to the 

squall line the air in the mixed layer moves towards the rear of the 

system (except perhaps right at the gust front). To determine the 

relative streamlines and isotachs the mean velocity in the mixed layer 

was estimated by averaging the wind speed between the surface and the 

top of the mixed layer. The velocity at the top of the mixed layer was 

estimated by linearly interpolating (or extrapolating) between the 

surface and 970 mb us i ng the compos i te ana lyses of the wi nd fi e 1 ds at 

these 1 eve 15 and of the mi xed 1 ayer hei ght, i. e. for the x-component 
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(eastward) of velocity 

(6.1) 

and similarly for the y (northerly) component. The average velocity of 

the squall 1 ine was then subtracted from the mean velocity field of the 

mixed layer to obtain the relative streamlines and isotachs shown in 

Fig. 24. (These are mean mixed layer streamlines). The procedure is 

then to numerically integrate the equations along each streamline once 

initial values of the variables have been specified. 

For the zero-order model the equations in natural coordinates 

relative to the squall line are (neglecting diabatic heating): 

(6.2) 

OSvm 
v -- = 

r oX (6.3) 

(6.4) 

(6.5) 

F s H F 
v (r _~) _ ~ 

~sv q H H ' 
(6.6) 

where 
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vr is the wind speed relative to the squall line and x is now the dis­

tance along a streamline. The equations for Hand b.Sv were solved using 

the Runge- Kutta fourth-order method. The i ntegrat ions are performed 

along the eleven streamlines shown in Fig. 24 with the values of surface 

fluxes, vertical velocity, horizontal velocity and lapse rates being 

specifi ed from the observed values at 30 km i nterva 1 s. The space dif-

ferencing used was 1 km; a cubic spline routine was used to interpolate 

between the 30 km increments. 

Following Deardorff (1978), the GSEM equations are solved by for-

ward differencing. The predictive equations for Svm' b.Sv' hI' b.h, qm 

and b.q, written in finite difference form in natural coordinates rela-

tive to the squall line are: 

where 

-i+l 
5 vm 

Ahi+1 = Ah i + b.w. (A Q R- 1)i u u uW + W*. Cl *. , 
1 

vr 

1 i 
b.w)- ] 

w*. 

(6.7) 

(6.8) 

(6.9) 

1 
_....::....-r. , 

(l-GY) 1 
(6.10) 

(6.11) 



where 

1 
i (1 +C1-aY) 
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(6.12) 

{ - (l-G Y)6qw + a(l-Y)F i 
q eo qo 

(6.l3) 

(6.14) 



7. RESULTS 

7.a Results of the Zero-Order and GSEM with and without Oiabatic 

Heating 

. A previous study of the mixed layer recovery following the passage 

of the 12 September squall line has been made by Fitzgerrald and 

Garstang (1981b). The detailed composite analysis described in Chapter 

2 has made possible a far more quantitative study, in which the fully 

three dimensional mixed layer structure can be examined. 

The approach taken here is to specify the surface fluxes from 

observations allowing no feedback of predicted mixed layer temperature 

and specific humidities on the fluxes (see Equations 2.1, 2.2 and 2.3). 

The reason for not using a fully interactive model in which sea surface 

fluxes are predicted is that they would depend on composite fields of 

all the quantities that go into the model (in addition we would need a 

composite analysis of sea surface temperature) whereas, it seems more 

reasonable to use locally observed data to determine fluxes. 

The vertical velocity field shown in Fig. 6 gives values at 375 m 

above the surface. It is necessary to interpolate (or extrapolate) from 

this height to the ItOP of the mixed layer and the following formula has 

been used 

( ) = w(375 m) (1- -z/409 m) 
W z 0.6 e , (7.1) 
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Fig. 25 shows the profile of vertical velocity given by this for­

mula for the case when w(375 m) = -0.03 ms- l . It gives a similar pro-

file to that found by Gamache and Houze (1982a) for the anvil downdraft 

below 1 km (see their Fig. 13). As previously discussed in Chapter 3, a 

linear interpolation below 375 m probably underestimates slightly the 

magni tude of the vert i ca 1 vel oci ty and Eq. (7.1) is 1 i ke ly to be more 

realistic. Furthermore the development of the dry static energy and 

spec.ific humidity profiles will be looked at in more detail, and for 

this a linear extrapolation between the surface and 375 metres to 

heights slightly above 1 km would give much larger vertical velocities 

than could reasonably be expected. 

The initial starting points for the model integrations are shown by 

the crosses in Fig. 24 which lie just outside the scalloped region in 

Fig. 3, which is an estimate of the extent of the very cool, stable 

boundary layer following the squall where mixed layers are extremely 

small. The initial values used for the zero-order model were H = 150 m, 

~Sv = 0.4 J g-l and ~q = -0.7 g kg- l (the jump in dry static energy for 

this case is ~S ~ 0.52 J g-l) for streamlines 1-9, H(lO) = 230 m and 

H(ll) = 360 m. Initial values of virtual static energy and specific 

humidity were determined from the composite analyses, Fig. 8 and Fig. 9. 

There is some uncertainty in the initial values of ~Sv and ~q that 

should be used; however, results do not seem too sensitive to reasonable 

variations of these ,quantities (e.g., Tennekes, 1973: Johnson, 1981). 

Fig. 26 shows model results for the mixed layer depth using the 

zero-order jump model. Fairly good agreement is found with the com-

posite analysis shown in Fig. 3 although mixed layer recovery is slower 

than observed on the north side of the wake. (note that the zero-order 
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mixed layer depth should be regarded as the height of the middle of the 

trans it ion 1 ayer, about 50 meters greater than the actual mi xed 1 ayer 

depth). Figs. 27 and 28 show the model results for the mixed layer 

specifi c h Jmi dity, and surface temperature (note T = s/Cp at the sur­

face) respt~ct;vely) for the case of no diabatic heating. The position-

ing of the minimum in q is in good agreement with observations although 

recovery towards the rear of the system is too slow. There is a strong 

gradient or q on the east side of the system, however, observations are 

very sparsE~ in thi s regi on and no meani ngful compari son can be made (of 

course the field variables used in the model are also somewhat uncertain 

in this part of the squall system). The model predicts rates of surface 

temperature increases significantly higher than observations indicate on 

the north side of the wake, a region where there is fairly good sounding 

data. 

It is possible that rainfall evaporation and diabatic heating is 

part ly resr10ns i b 1 e for the di screpancy between the observed and pre­

d-icted specific humidity and surface temperatures. Jhe predicted m.1. 

depth is Nit so sensitive to neglect of diabatic heating (later). To 

obtain an estimate of the importance of rainfall evaporation we use the 

formula dev~loped by Manton and Cotton (1977); the rate of evaporation 

is given by 

E = {G.5R- 2 -1 m Pw 
~ 

+ 124 R- 5/4 (p~ T- 0. 745 ) }ss G(T,p)r 
mOL r 

whe re G (T , P: __ -,,....,....--__ 1--:::---= __ 
m L Z R* T w 
kR* F + e (T)Dm s w 

(7.2) 
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k ::: molecular diffusivity of heat, 

o :::: molecular diffusivity of water vapour, 

R = characteristic raindrop radius, (taken to be 0.Ot7 em) m 

rr = Pr/po mixing ratio of rain, 

rrPovT ~ rainfall rate, 

vT = -21.26/~ the terminal fall velocity, 

_. r v 
ss = (1 - -- ) subsaturation, t . r 

vs 

Po ::: dE~nsity of air, 

P = density of water, w 

rv = water vapour mixing ratio, 

m = molecular weight of water, w 

e = saturated vapour pressure. s 

As an estimate of the magnitude of rainfa"ll evaporction and the 

associated diabatic heating we use this formula for the Researcher 

(1902) sounding, assuming a transition layer depth of 100 me~res and a 

rainfall rate of 3 mm hr- 1. The results are shown in Table 1. 

Table 1 

r r E LE v vs 
T(OC) P(mb) -1 (gkg ) -1 (gkg ) GCTl) -3 -1 (kgm s ) (Wm- 3) 

surface 23.0 1010.7 15.0 17.8 1. 23><10- 6 2.2x10-8 0.055 

mixed layer 22.2 1000.0 15.0 17.2 1. 22><10- 6 1.8X10-8 0.045 
top 

transition 22.0 989.0 14.2 17.1 1. 20><10- 6 2.3x10-8 0.059 
layer top 
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The heating rate of about -0.05 Wm- 3 is somewhat larger than would be 

expected dUI~ to radiation (for comparison a radiational heating rate of 

-2 K day-l ~Iives -0.03 Wm- 3). 

Fig. 23 shows the rainfall rates from the anvil as composited by 

Gamache and Houze (1982). They obtained an average rainfall rate of 2.7 

mm hr- 1 ove~ the whole anvil although in some regions it can be seen to 

be significantly larger. We use the observed rainfall rates from their 

analysis bu": for simplicity hold all other variables constant in Eq. 

(7.2). The following values have been used rv = 15 g -1 17.5 9 kg ,r vs = 

kg -1 and T = 22.6°C, which are mean values for the Researcher (1902) 

sounding in the rni xed layer (which is incidentally the only sounding we 

have in the region of significant rainfall). We shall only add a di-

abatic heating and moisture source term to the right hand sides of Eqs. 

(6.3) and (ti.5), respectively, and show later in section 7.e that this 

is a good approximation to make. A constant radiational heating rate of 

-2 K day-l (Johnson, 1980) is also included in the diabatic heating 

term. The inclusion of the moisture source and diabatic heating terms 

results in the specific humidity and surface temperature fields shown in 

Fig. 30 and =;g. 31, respectively. Fig. 30 is similar to Fig. 27 except 

that specif"c humidity increases slightly more rapidly in the region 

where evaporation in the mixed layer is occurring as would be expected. 

However, prejicted specific humidities still do not increase towards the 

rear of the squall system as rapidly as observations indicate. Com-

parison of Fig. 28 and Fig. 31 shows that evaporation in the mixed layer 

is apparently important for sustaining the cool region in the wake of 

the squall "i ne. Although quant itat i ve agreement between the observed 

temperature field and predicted is by no means perfect, the results are 

encouraging. 
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Fig. 32 shows predicted quantities along streamline 5. The final 

value of specific humidity with evaporation occuring in the m"jxed layer 

is about 0.3 g kg-1 larger than that for no evaporation but still less 

than observed. The difference in static energy is quite 1 arge, about 
-1 1.5 J g less when diabatic heating is included and in good agreement 

with observed values. Mixed layer height shows a slight increase 

initially and decreases to a minimum in the region of maximum downward 

vertical velocity; mixed layer heights to the rear of the system are 

slightly underpredicted. The entrainment rate, defined by 

_ dH 
w - w en - dt H (7.3) 

is large at the beninning of the integration. It quickly reaches a 

relative minimum which is due to the small buoyancy flux associated with 

low wind speeds in the center of surface diffluence; see Fig. 4. R, the 

ratio of the moisture flux at H to that at the surface rapidly increases 

to val ues greater than one whi ch is coi nci dent with dryi ng in the mi xed 

laYE'r. Values of Llq and LlS seem fairly realistic. Llq increases to 

values greater than -4 g k9- 1 which compares favorably to the sounding 

-1 at Q(l823), although Lls is somewhat underes t i mated at about 1. 3 J g 

compared to about 2 J g -1 

A difficulty has been encountered with the GSEM. Use of the rate 

equation for Llh as suggested by Deardorff leads to much smaller tran-

sition layer depths (as small as 22 m) than seem feasab1e, see Fig. 33. 

(This shows an integration along streamline 4). As noted earlier, 

Deardorff1s experiments did not include subsidence. Results obtained 

simply by omitting the LlW term in Eq. (5.19) are also shown. The tran-

sition layer grows from an initial value of 80 m to about 110 m. LlS is 
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significantly different; however, it can be seen that the mixed layer 

depth is relatively insensitive to the variation in t.h. Subsidence 

probab ly can be expected to reduce the trans i t ion 1 ayer depth but not 

nearly so much as Eq. (5.19) predicts. Results for the GSEM are shown 

in Figs. 34 to 38 for the case where t.h is held constant at 80 m. These 

results are all very similar to these obtained by the zero-order model. 

The mixed layer depth recovers slightly more slowly in the case of the 

GSEM, whereas, specific humidity increases slightly more rapidly after 

it has reached a minimum. 

Some trepadation was felt about using the zero-order model when the 

transition layer depth was almost as large as the mixed layer height. 

For instance in the predictive equations for 5 and q , Eqs. (6.3) and m m 
(6.5) respectively, it is conceivable that using H which is the height 

to the middle of the transition layer could be a source of error; al-

though this might be offset somewhat by the non-zero value of the vir-

tual static energy flux at this level, whereas in the case of the GSEM 

the mixed layer height is predicted where virtual static energy flux is 

assumed zero. The fairly close agreement between the two models sug-

gests that thi sis not of too great concern and that it is more ex-

pedient to use the simpler zero-order model. Some differences do exist 

however, and even with the problems encountered with the rate equation 

for t.h, the GSEM is likely to be more reliable than the zero-order model 

as long as the assumption that mixed layer turbulence is dominated by 

buoyant production is correct. 
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7.b Sensitivity Tests 

Figs. 39 to 43 give some idea of the sensitivity of H,q and s to 

variations in w, vr Fsv' fs and fq using the zero-order model (note the 

results shown are for no evaporation). Since we are not considering any 

feedback between the predicted temperatures and specific humidities on 

the surface fl uxes, the model response to a change in specifi ed fi e 1 d 

variables should only be regarded as an approximation to what would 

happen in the real atmosphere. (For the changes in specified field 

variables considered here this feedback is actually fairly small). Fig. 

39 shows the results obtained along streamline 5 for the case where w = 
0.0 and w = -0.02 m s-l which are held constant, all other variables 

remaining unaltered. The growth rates of H are quite different than for 

the case when the observed field of w is used. When w = 0.0, H grows 

rapidly, which causes mixed layer drying to be almost negligible and 

surface temperature increase to be much reduced (note that the rapid 

growth of H does not imply the entrainment velocity has been increased 

since w is now zero). When w = -0.02 m s-l the final mixed layer depth 

is very low. Although the final values obtained for q and s are the 

same as when the observed field of w is used, variations closer to the 

squall line are significant. 

We have included advective effects in the equations by integrating 

along streamlines and using the observed wind speeds. To see the effect 

of neglecting advection terms we take vr to be 13.5 m s-l (the speed of 

the squall line). The results along streamline 5 are shown in Fig. 40. 

Streamline 5 runs very nearly parallel to the direction of motion of the 

squall line, whereas for some streamlines this is not such a good ap­

proximation and would have to be taken into consideration in estimating 

the error of neglecting advective terms. Fig. 40 shows that advection 
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has very little effect on the mixed layer height, however, it does have 

a noticeable effect on the specific humidity and dry static energy. 

Neglecting advection changes specific humidity by as much as 0.4 g k9- 1 

-1 
and dry static energy by as much as 0.8 J 9 . It is concluded that 

errors due to uncertaintly in observed wind speeds are probably small, 

but that advection terms should be included if accurate values of spe-

cific hum-idity and dry static energy are to be predicted. 

As can be seen in Fig. 41 the differences between having constant 

buoyancy fluxes (15 Wm- 2 and 30 Wm- 2) and using the actual fluxes are 

large. When the buoyancy flux is 30 W m- 2 quite a rapid growth of H 

occurs. Very strong mixed layer drying is predicted which must be due 

to a large entrainment rate at the top of the mixed layer. Conversely 

for the case when the buoyancy flux is held at 15 W m- Z, mixed layer 

growth is slower and the entrainment rate is less leading to reduced 

drying. Dry static energy increase is substantially reduced when the 

buoyancy flux is small. 

Fig. 42 shows the sensitivity to variations in r. For the case 
s 

when r ;s held constant at 6 J kg- 1 m- 1 (which ;s considerably less 
s 

than the observed gradi ent of dry static energy in the wake of the 

squall line) rapid growth of the mixed layer and strong drying occurs. 

Dry static energy increase is not as fast as when the observed gradients 

are used since the mixed layer depth is larger. When rs is held at 14 J 

kg- 1 m- 1 the greater stability leads to lower mixed layer heights and 

thus higher temperatures, whereas surface drying is less. 

Variations of the gradient of specific humidity have a small effect 

on the mixed layer depth as can be seen in Fig. 43 where rq is held at 

-3 g kg- 1 km- 1 and -12 g k9- 1 km- 1 . Corresponding to these small 
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changes in H only slight differences in dry static ene'rgy are observed. 

However, the predicted mixed layer specific humidity is very sensitive 

to changes in the lapse rate. 

When feedback of predicted temperatures and specific humidities on 

sur'face fluxes are considered in a fully interactive model (where the 

approximation of constant sea surface temperature was made) the results 

of the sensitivity tests remain qualitatively the same (not shown). 

What emerges from these sensitivity tests is that choosing constant 

values for these field variables can lead to large differences in pre-

dieted values of H, q and s, and that the time variation of these quan-

tities (relative to the ground) needs to be considered. Fitzjarrald and 

Garstang (1981) for instance chose constant values for the lapse rates 

of virtual static energy, specific humidity, and surface fluxes, did not 

include horizontal advective terms and did not have as reliable a ver-

tical field as was used here. Another important point is that for the 

purpose of the sensitivity test we have chosen large variations (more or 

less extreme values) and held them constant, far larger variations than 

can be expected due to errors in the observations. Probably reasonable 

estimates of the errors in the input variables at any point are w(±O.005 

-1 -1 -2 -1 -1 ms ) at 375 m, vr (± 1 ms ), Fsv (±5 Wm ), r s (±2 J kg m ), r q(±3 9 

kg-1 km- 1). Although errors are cumulative, reasonable agreement be-

tween predicted mixed layer depth and observed could be expected as long 

as results are not too sensitive to the initial conditions and the 

entrainment parameter k. This conclusion would also extend to predic-

tion of the dry static energy except this is apparently strongly depen-

dent on rainfall evaporation. Model results for mixed layer specific 

humidity are very sensitive to lapse rates of specific humidity which 
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has turned out to be one of the hardest observational quantities to 

accurately determine (it is also very sensitive to the lapse rate of dry 

static energy; however, the range of variation for this quantity is not 

so large). 

We now consider the sensitivity to the initial conditions, the 

entrainment parameter, and F F is known to about the same accuracy 
qo qo 

as FSv and only has an effect on the specific humidity. Fig. 44(a) 

shows results obtained choosing initial values of H = 100 m and 200 m 

compared to the ori gi na 1 choi ce of 150 m. It can be seen the mi xed 

layer depth quickly adjusts so that after only 50 km differences become 

very small. The effect on the specific humidity and dry static energy 

are more noticeable. Fig. 44(b) shows the results of using initial 
-1 -1 values of 6Sv of 0.2 and 0.6 Jg rather than 0.4 Jg . The differences 

obtained for all predicted quantities are virtually negligible. The 

sensitivity of specific humidity to the initial choice of 6q (not shown) 

is fairly small. The effect of changing the initial value of s or q is 

to shift the predicted curves for these quantities without changing 

their shape. Fig. 45 shows results obtained for choosing values for the 

entrainment parameter of 0.2 and 0.3, compared to the original choice of 

0.25. Predicted quantities are quite insensitive to this parameter. 

It can be concluded that the sensitivity to the initial conditions 

and the value of the entrainment parameter is fairly small, and that to 

obtain accurate results using this type of model (assuming of course the 

model assumptions are reasonable for this study) it is just as important 

if not more so to know wi th some confi dence the fi e 1 ds of vert i ca 1 

velocity, horizontal velocity, surface fluxes and lapse rates. 
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Sensitivity of mixed layer height H, dry static energy s m 
and specific humidity q to (a) initial value of H; solid m 
lines show results for observed value H ~ 150 m; dashed lines 
for initial H ~ 100 m; dashed dot lines for initial H ~ 200 m; 
(b) initial value of the jump in virtual static energy ~s ; 

Y1 
solid lines show results for observed value ~s ~ 0.4 J g 

dashed lines for initial 

initial ~sv = 0.6 J g-1. 

-1 v 
~sv = 0.2 J 9 ; dashed dot line for 
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7.c A More Detailed Investigation of the Role of Rainfall Evaporation 

and Diabatic Heating 

Up to now a number of di abat i cheat i ng and moi sture source terms 

have been neglected in the governing equations. Diabatic heating terms 

were included in the zero-order model, e.g. Eqs. (4.6) and (4.11), but 

have not been utilized in the calculations so far. Since we are going 

to consider the flux divergence of heat and moisture across the transi-

t ion 1 ayer) it seems more appropri ate to use the GSEM rather than the 

zero-order model. The equations including diabatic heating and moisture 

source terms are given in Appendix B. We shall neglect diabatic heating 

due to radiation and only consider that due to rainfall evaporation. We 

need to determine the magnitude of the terms QR2' QRM' E2, Em' FR2 , FRI 

and FEI , where QR is the diabatic heating rate, E the evaporation rate, 

FR the flux of heat and FE the flux of rain; the subscripts 1, 2 and m 

refer to the values of these quantities at hI' h2 and the mean value in 

the mixed layer, respectively. We note from Eq. (B3) that 

LlF R == - UF E (7.4 ) 

where LlFR = FR2 - FRI and LlFE = FE2 - FE1· Now 

h2 
LlFR = - f pQR(z)dz 

hI 

-- - pQRmtLlh 

where QRmt is the mean heating rate in the transition layer. 

(7.5) 
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Ve can estimate ~FR using the composite analysis of rainfall 

rates and Eq. (7.2) once we have specified ~h. Furthermore, we can show 

that the ~Q term in Eqs. (84) and (86) is small compared to other terms. 

From Table 1, we estimate 

~Q = QR2 - QRm ~ (-0.059 + 0.050) 
-3 = -0.009 W m , 

and 

( -2 
~FR ~ -QRmt~h ~ - -0.059 - 0.045)x80 = 4.2 W m . 

Comparing the magnitude of the terms involving ~QR and ~FR in Eq. (86), 

we find 

is about 0.36 : 4.0, where we have est i mated Y as !OZ. (Deardorff 

(1979) shows from observations that Y usually has a value somewhat less 

than !OZ). Comparing the last two terms in Eq. (84) we find 

-2 is about 0.16 : 0.009, where we have taken FSvo to be 25Wm and hI to 

be 200 m. Hence it seems reasonable to neglect ~QR' Similarly in Eq. 

(87) we can neglect the term involving FE' In Eq. (B5) we compare the 

terms 

r ~W : ~E 
q 

which is about 5x10-8 : 0.30xlO-8 where we have taken ~W = 0.005 ms- l 

and r = 0.00001 m- l showing that ~E can be neglected in this equation. 
q 

Hence, the equations are modified only by the terms involving ~FR and 
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LlFE which are estimated using the Researcher (1902) sounding. All 

variables in Eq. (7.2) are held constant except the rainfall rate. This 

sounding was taken slightly after the time for which the squall system 

was cons i dered to be in the steady state, however, it is the only one 

situated in the region where significant rainfall occurred. 

Results obtained when these terms are included are shown in Fig. 46 

for streamline 5. Also shown are the results obtained when LlFR and LlFE 

are omitted but QRm and Em are still included in Eqs. (B9) and (BI0), 

which can be compared to the case when all diabatic heating and moisture 

source terms are neglected. The effect on the mixed layer height is 

fair"'y small. The rate of increase of dry static energy is slightly 

reduced when the term involving LlFR is included since the mixed layer 

height is somewhat larger in the first part of the integration. The 

inclusion of LlFR and LlFE slightly increases the mixed layer specific 

humidity. The inversion strength LlS is noticeably increased, whereas, 

Llq is virtually unaffected. The conclusion that can be drawn is that 

the main effect of including diabatic heating is in reducing the rate of 

increase of mixed layer dry static energy (by permitting evaporative 

cooling) and that this is mostly due to the inclusion of the QRm term in 

Eq. (6.7) (which gives Eq. (B9)). The addition of diabatic heating and 

moisture source terms produces slightly higher values of mixed layer 

specific humidity. 

7.d Development of Specific Humidity and Dry Static Energy Profiles 

As described in Chapter 3 the specific humidity profile has an 

unusual structure, the development of whi ch has important consequences 

for the lapse rate at the top of the transition layer. The moisture 

budget equation in the stable air above the transition layer, neglecting 
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Fig. 46. Effect of inclusion of diabatic heating terms on mixed layer 
height H, dry static energy s, specific humidity q, ~s and 
~q. Solid lines show results without diabatic heating and 
moisture source terms; dashed lines are results when diabatic 
heating and moisture source terms are included but ~FR and 

~FE neglected; dash-dot lines results when ~FR and ~FE are 

also included; dotted lines show observed values (see text 
for details). 
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sources and sinks is 

(7.6) 

where 

If we demand v and r to be constant with height, then differentiating 
~ q 

Eq. (7.6) with respect to z we obtain 

(7.7) 

Differentiating again with respect to z we find vertical velocity has to 

be a linear function of height, and Eq. (7.7) becomes 

(7.8) 

Unfortunately the conditions under which this equation was derived are 

highly restrictive; the wind field analyses at the surface and at 970 

mb, and the specific humidity profiles clearly show that neither v or r 
~ q 

are well approximated by being held constant with respect to z. The 

streamline analysis at 850 mb by Gamache and Houze (1981a) show there is 

considerable wind shear between the surface and this level. Eq. (7.8) 

is thus only o"f qualitative importance in that we would expect the 

effect of subs i dence woul d be to tend to increase the gradi ent at the 

top of the transition layer as long as the gradient was approximately 

constant with hE~ight. In the case of the dry static energy profiles 

this condition is fairly well met and would seem to account for the 

increase in stability of the air within the wake of the squall system. 

However, the problem of determining the thermodynamic structure of the 
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air above the mixed layer is a complicated one, and to solve it properly 

we would need to trace the trajectories of air parcels from the region 

of convective scale downdrafts to well behind the line. The streamlines 

are not constant with height and so the air in a column at any point 

behi nd the squall 1 i ne coul d have ori gi nated from very di fferent re-

gions. Furthermore, the effect of rainfall evaporation and d-iabatic 

heating could be significant. 

It is fairly simple to determine the effect of subsidence on a 

lapse rate which is a function of height as long as we still consider 

horizontal velocity to be independent of height. In this case as we 

follow the motion, the change in lapse rate of specific humidity at a 

particular level is due to vertical advection of moisture. The vertical 

displacement of a parcel along a streamline can be determined from 

dz _ 
vr(x) dx - w(x,z) (7.9) 

If the incompressible continuity equation is approx-imately satisfied 

then the vert i ca 1 velocity is requi red to be constant with hei ght. 

Forward differencing Eq. (7.9), and linearly extrapolating from 375 m to 

obtain the vertical velocity field gives the results shown in Fig. 47 

where the initial profile used was based on the Researcher (1902) 

sounding. The integration was started 50 km along streaml ine 5 to 

approximately correspond to the position of the Researcher (1902) sound­

ing. It can be seen that the relative maxima in specific humidity 

approaches the surface cons i derab ly faster than observat; ons i ndi cate. 

The lowest height the relative maxima reaches is about 330 m some 250 km 

along streamline 5. 
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The discrepancy could be due to the fact that the vertical velocity 

is not linear with height but is probably more like that shown in Fig. 

25. It is possible to include a nonlinear variation of w with height by 

letting vr be a function of height. To make the analysis tractable 

though we sti 11 have to make the streaml i nes independent of hei ght; 

otherwi se we woul d have to trace trajectori es from many di fferent re-

gions, a formidable task, and we do not really have a good enough data 

set to attempt this. The incompressible continuity equation written in 

natural coordinates relative to the squall line, is 

If aa/an is not a function of z, then the solution to this equation is 

aa aw aa aa 
-- - exp( - f an dx)· Haz exp (f an dx) ]dx + Cexp( - f an dx) 

where C is a constant. aw/az(x,z) was approximated by an analytical 

function and aa/an(x) by a linear function of x. Having both the fields 

of vr(x,z) and w(x,z) then the vertical displacement of an air parcel 

with dist.ance along a streamline can be determined. The results (not 

shown) are that the relative maximum is brought towards the surface 

slight.ly faster than that using the previous method. This is probably 

not too surprising; subsidence might be less in this case than it was 

for the previous one, however vr is also less at higher levels so an air 

parcel remains within the mesoscale downdraft region for longer. 

The poor agreement wi th observati ons suggests either the verti-

cal velocity field being used is significantly in error or that the 
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approximation that streamlines are independent of height is not a good 

one. We do have evidence that the latter approximation is not a good 

one since there is significant vertical wind shear. 



8. SUMMARY AND DISCUSSION 

In thi s study a procedure has been developed for obta i ni ng the 

fully three dimensional mixed layer structure 'in the boundary layer wake 

of a GATE tropical squall line by formulating the model equations rela­

tive to the squa'll system in natural coordinates. The results of the 

modeling study are in fairly good agreement with observations. 

The asymmetry of the mi xed 1 ayer hei ght found ina compos ite 

analysis by Johnson and Nicholls (1983) seems to be well simulated by 

both models. Mixed layer growth is inhibited by mesoscale subs'idence 

and to a lesser extent (but still significantly) by the large gr'adient 

of virtual static energy, above the transition layer. The very stable 

lapse rate in the wake of the squall is probably mainly due to the 

mesoscale subsidence, although it could be partly produced within the 

convective region. The rapid mixed layer growth on the south east side 

of the wake (Johnson and Nicholl s, 1983) can be attributed to the 

stronger buoyancy flux, and weaker subsidence. 

Data show that downdraft air within the convective cores that 

reaches the surface is dri er (i n an absolute sense) than the air' pre­

cedi ng the squall 1 i ne. The depth of thi s downdraft out flow is about 

500-1000 m, within which the gradient of specific humidity above the 

transition layer is negative. As the mixed layer starts to grow it 

entrains drier air from above, which can lead to further reduction of 

the specific humidity. The mesoscale subsidence leads to a decrease in 
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the depth of the convective downdraft outfl ow 1 ayer so that in some 

regions the mixed layer depth exceeds it and starts to grow into the air 

above, which is of different character having a larger moisture content. 

Fitzjarrald and Garstang (l981b) hypothesized that mixed layer 

drying was a result of rapid mixed layer growth as well as of subsidence 

as proposed by Zipser (1977). Both of these factors can lead to large 

entrainment rates. Obviously the rate of drying will also depend on the 

difference ; n mo; sture content of the entrai ned ai r and that of the 

mixed layer which is very sensitive to the gradient of specific humidity 

above the transition layer. The largest drying in the squall wake seems 

to occur in regi ons of strongly negative gradi ents of specifi chum; dity 

which tend to be coincident with strong subsidence. Fairly rapid growth 

of the mixed layer is predicted in regions where low level specific 

humidity is increasing, for example to the east side of the squall wake 

(Figs. 26 and 27), so at least for this system this would not seem to be 

the significant factor associated with drying. However, it should be 

emphas i zed that the compos i te ana lys is of the gradi ents of specifi c 

humidity above the transition layer, particularly in the region where 

they are apparently very large, is based on fairly sparse sounding data, 

and so the importance of large negative gradients of specific humidity, 

while suggestive, cannot yet be regarded as conclusive. The situation 

is further comp l·i cated by the fact that m; xed 1 ayer specifi c humi dity 

also depends on the surface moisture flux. 

Mode 1 results suggest ra i nfa 11 evaporation is important for sus­

taining the cool region within the squall wake. The effect of rainfall 

evaporation can be included fairly accurately in the model by adding a 

single term to the system of equations. Predicted mixed layer depth (H) 
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is not sensitive to diabatic effects in this model since the prediction 

equation for H contains only terms involving jumps in diabatic heating 

across the inversion (which are small) and buoyancy flux is determined 

using observed fields of temperature and specific humidity. In a fully 

interactive model where surface fluxes are predicted, say, using bulk 

aerodynami c express ions, rather than taken as observed, then di abat i c 

effects might, in principal, modify the predictions of the mixed layer 

depth. For instance, if precipitation evaporation were neglected in a 

fully interactive model then the predicted mixed layer temperature would 

be hi gher 1 eadi ng to reduced surface fluxes and hence sha 11 ower pre­

dicted mixed layer depths. Fortunately, however, for the realistic 

rainfall evaporation estimates used here, the predicted and observed 

surface fluxes have been found to be in relatively good agreement, thus 

justifying and making internally consistent the approach adopted in this 

study. 

In principle it is possible to do a budget study in which the 

diabatic heating and rainfall evaporation within the mixed layer can be 

estimated using the observed fields of mixed layer height surface tem­

perature, specific humidity and surface fluxes. This was attempted but 

the results were very "noisy". The evaporation rate even had the wrong 

sign within the squall wake. This is not too surprising when we con­

sider that the increase in model predicted mixed layer specific humidity 

when we included rainfall evaporation using Eq. (7.2) was only 0.3 g 

kg -1 (see Fi g. 32). Presumably we woul d have to know the specifi c 

humidity field to better accuracy than this to separate out the increase 

due to rainfall evaporation. The magnitude of the diabatic heating 

(estimated from Eq. 89) had the right sign close to the squall, although 
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it was about twi ce as 1 arge as that predi cted by Eq. (7.2) and the 

assumed radiational heating rate; but it had the wrong sign (warming 

instead of cooling) to the rear of the squall system. 

A number of approximations have been made which make it a somewhat 

tentative conclusion that the model is correctly simulating the real 

atmosphere. These approximations are (1) the assumption of steady 

state; (2) the neglect of shear produced turbulence within the transi­

tion layer and at the sea surface; (3) the assumption that the horizon­

tal velocity is constant with height up to the top of the transition 

layer; (4) the specification of the entrainment parameter k in the case 

of the zero-order model or the transition layer depth ~h in the case of 

the GSEM; (5) the determination of the fields of vertical wind speed, 

horizontal velocity, sea surface fluxes, lapse rates and rainfall rates; 

(6) the assumptions made in the diabatic heating computation; (7) the 

determinat'ion of the initial values of mixed layer height, dry static 

energy and specific humidity; (8) the determination of the initial 

values of the jumps in dry static energy and specific humidity across 

the transition layer; (9) that the idealized model profiles are good 

representations of the actual ones. 

Despite the above limitations, this modeling study represents a 

considerable improvement over previous works of this kind. Among the 

improvements are: better observational data to compare with model 

predictions, modeling of the fully three dimensional mixed layer struc­

ture, inclusion of advective terms, the effects of diabatic heating and 

a finite transition layer depth. The observations indicate that in the 

squall wake the gradients atop the mixed layer of dry static energy and 
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specifi c humi di ty are cons i derab ly 1 arger than have been used in pre­

vious studies. The large stability has a significant effect on mixed 

layer growth; the large specific humidity gradient is apparently impor­

tant for mixed layer drying. Advective terms and diabatic effects 

should be included for accurate prediction of surface temperature. The 

zero-order model seems to work quite we 11 gi vi ng results that di ffer 

little from those of the GSEM which has a finite transition layer depth. 

It is hypothesized that the air reaching the surface in downdraft cores 

is drier (in absolute sense) than the air preceding the squall line and 

that this air spreads out beneath moister air in between downdraft cores 

1 eadi ng to the unusual speci fi chum; di ty profil es observed inmost of 

the squall wake soundings. 

It is hoped that this study in making more explicit the factors 

influencing mixed layer recovery following the passage of a squall line 

wi 11 1 ead to an improved bas is for the parameteri zat i on of convective 

effects in large scale numerical weather prediction models. 
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APPENDIX A 

LI ST OF SYMBOLS 

bulk transfer coefficient for water vapor 

bulk transfer coefficient for sensible heat 

speci fi cheat 

molecular diffusivity of water vapor 

surface evaporation 

flux of rain 

heat f1 ux 
nux of virtual static energy 

mixed layer height for zero-order model 

Von Karman's constant 

Monin Obukhov length or latent heat of vaporization 

diabatic heating 

vertically averaged diabatic heating in mixed layer 

rat i 0 of speci fi c humi di ty fl ux at H to that at the 
surface 

characteristic raindrop radius 

surface sensible heat flux 

integral shape factor 

drag coefficient 

flux convergence coefficient 

mean turbulent kinetic energy 

saturated vapor pressure 



f 

g 

hI 

h2 

h+, h 

k 

m w 
pI 

q, q, ql 

r r 

r v 

s 

s v' sv' 

SS 
l 

U 
0 

u* 

v 

v 
~m 

v r 

vT 

w, W, WI 

W en 

wH 

w* 

r q 

r s 

Sl 
V 
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dimensionless shape factor 

acceleration of gravity 

height of mixed layer for GSEM 

distance to top of transition layer for GSEM 

incremental displacements above and below H 

entrainment parameter 

molecular weight of water 

perturbation pressure 

specific humidity: total, mean, perturbation 

mixing ratio of rain 

mixing ratio of water vapor 

dry static energy 

virtual static energy: total, mean, perturbation 

sUbsaturation 

mean wind speed at 10 m 

friction velocity 

horizontal velocity vector 

mean horizontal velocity averaged through depth of mixed 
layer 

velocity relative to squall line 

terminal fall velocity 

vertical velocity: total, mean, perturbation 

entrainment velocity 

mean vertical velocity at H 

convective scale velocity 

gradient of specific humidity above the transition layer 

gradient of dry static energy above the transition layer 
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gradient of virtual static energy above the transition 

layer 

dissipation rate 

r.m.s. turbulence velocity 

vertical velocity in p-coordinates 

transition layer depth 

jump in specific humidity across transition layer 

jump in virtual static energy across transition layer 



APPENDIX B 

GSEM WITH DIABATIC HEATING 

Here we wish to include all terms due to rainfall evaporation and diabatic 

heating. The thermodynamic equation and moisture budget equation become 

dS 
V Wi SI 1 vFR v _ 

dt - vZ v - p vZ (81) 

s!.9. = _ ~ wlql -
1 vFE 

dt vZ P vZ (82) 

where FR is the heat flux and FE is the flux of rain. We note that if 

the heat flux is due to rainfall evaporation that 

(B3) 

i .. e. if we have rain falling through a layer within which evaporation is 

occurring then vFE/vz < 0 so that according to Eq. (B3) cooling of the 

layer is taking place. 

If we go through the same steps as is in Chapter 4 we obtain the 

following set of equations 

(84) 
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fR2 is the heating rate at h2, 

QRm is the mean heating rate in the mixed layer; 

d d F I- F 
dt ~q = fq (WeI + dt ~h - ~W)+ 9

h1 
go + ~E 

where ~E = E2 - Em' 

E2 is the evaporation rate at h2 , 

E ;s the mean evaporation rate in the mixed layer; m 

WeI _ I 
W* - (l-GY) 

FR2 is the heat flux at h2, 

FRI is the heat flux at hI-, 

- 1 I Fql - (l+a-aY) -(l-Gqy)~qWel + a(l-Y)Fqo 

- (1-Y-Gq Ylt;q (~h - t;w) + Yt;ME + t;: E I 

FE2 is the flux of rain at h2, 

FEI is the flux of rain at hI; 

(B5) 

(B6) 

(B7) 

(B8) 
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WISi 
d\m _ v 

_~ __ o + Q 
~ - hI Rm (e.9) 

(BID) 

We also need an equation for ~h or as we have done here specify it 

as a constant. 
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