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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 simu]éte 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 flux also has an important influence on mixed Tayer growth and
the resulits 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 Tlengthy recovery times occurring in
regions of significant subsidence and relatively small surface buoyancy
fluxes.

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

line 1is identified and an expianation proposed for its occurrence and
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subsequent development. The specific humidity and dry static energy in
the mixed Tayer 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 basis for the parameterization of convective

effects in Targe scale numerical weather prediction models.
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1. INTRODUCTION

Downdrafts associated with deep convective systems significantly
modify the boundary layer, 1eadingAto substantially increased fluxes of
sensible and latent heat over the tropical oceans. Within the tropical
eastern Atlantic region during GATE (GARP Atlantic Tropical Experiment),
downdraft-modified boundary layers or "wakes" accompanying precipitation
systems were found on thelaverage 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 Tlayer 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 could have a significant ‘effect on the dynamics of these
systems.

This paper reports on a modeling study of mixed layer recovery
following the passage of the squall line 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 JN), some of which will be repegted here (with some minor modifi-
cations) as well as some additional observations. JN 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



period during which the radar structure of the squall was approximately
in steady state and composited GATE ship array soundings relative to the
center of the squall radar echo. Likewise 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 squé]] 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 Aspliden et al. (1976) and Payne and McGarry (1977),
that the development of squall lines over Wesf Africa 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 axis at 700 mb between 10° and 15°N. The squall lines that
develop move westward at an average speed of 16 m s_l. They seem to be
more intense over land 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 1in approximatly 1in 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



some regions behind the squall Tine 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 squall lines the feedback of the suppressed mixed Tayer
on the dynamics 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 their
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 Tayer 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 inhibited after the
passage of the squall 1line. In some systems such as a comparatively
slow moving 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 this 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
thermodynamic fields at the top of the mixed layer, and the general
structure entrainment model (hereafter referred to as the GSEM), which
more realistically includes a finite depth transition layer. Previous
modeling studfes of mixed layer recovery following the passage of a
squall have been made by Zipser (1977), and Fitzjarrald and Garstang
(1981), using the zero-order jump model. Both of these had to méke
fairly crude estimates of the vertical velocity at the top of the mixed
layer. LZipser's results showed that mesoscale sinking behind the squall
Tine 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 this study are from the GATE A/B and
C-scale rawinsonde archive obtained from the World Data Center A,
Asheville, NC. The observatfons 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 A/B-scale array. A detailed
discussion of the vertical resolution of the data is given in JN.

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
Tine moved southwestward across the region at an average speed of 13.5 m
5-1. Estimated center positions of the squall 1line at each hour are
indicated 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 Tine has a movement that is at times characterized by dis-
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 anvil region refers to the nearly continuous
stratiform cloud system of mesoscale (~ 200 km) dimension trailing the
squall 1line (Houze, 1977; Zipser, 1977a). The average boundaries of
these squall components will be outlined in subsequent figures.

Mixed Tayer depths have been determined for ship soundings that
show an approximately well-mixed structure in dry static energy s(:=
cpT+gz). Both profiles of s and specific humidity q were used to esti-
mate subjectively the depth of the mixed layer by locating positions of
abrupt changes in lapse 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 JN). We have chosen to determine the vertical velocity at
970 mb using the divergence fields at this Jevel 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 Tayer 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) = Weee ~ I VH-xdp = <VH-x> Ap

Psfc

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

It can be shown from the composite analysis of the pressure field in JN



that it is a good approximation to let We e be zero. Wind vectors were
plotted at the surface and at 970 mb and a subjective streamline and
isotach analysis carried out. Divergences were calculated at these
levels using a 60 km grid, and then averaged so as to obtain w(970 mb).

Surface sensible and latent heat fluxes SO and LEO, respectively,

have been determined using ship boom data from the Gillis, Dallas,

Researcher and Oceanographer and the bulk aerodynamic relationships

wn
|

o = PLplnU10(8o701p) (2.1)

Eo - pceulo(qo_qlo) (2.2)

h the bulk transfer

coefficient for sensible heat, Ce the bulk transfer coefficient for

where p is the mean density, Cp specific heat, C

water vapor, E0 the surface evaporation, and DlO the mean wind speed at

10 m. The subscripts o 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 analyses). The recommended values for Ch and Ce for both
3

undisturbed and disturbed conditions are 1.6 + 0.5 x 10 ° and 1.4 + 0.4

X 10-3, respectively (U.S. GATE Workshop, 1977). A correction term that
reflects the dependence of Cp on specific humidity has been added to
() 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 Businger (1982) have argued that Brook's correction is in

error and, therefore, we have neglected it. The surface buoyancy flux

is formulated in terms of the virtual static energy



10
s, = s(1+0.61q). (2.3)
From this equation it can be shown (e.g. Arakawa and Schubert, 1974)

that the surface flux of virtual static energy Fsv = (w's\'/)0 is given by

FSv = S0 + 0.61 s Eo' (2.4)



3. COMPOSITE RESULTS

3.a Mixed Layer Depth

A subjective analysis of the mixed layer depths for the composite
squall 1is shown in Fig. 3. It can be seen there as an extensive area
behind the squall line where the mixed layer is very shallow. 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 1likely associated with a 1line 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 fields are shown in Figs. 4 and 5.
They differ slightly from JN 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 unreliable and have been neglected here. The
surface analysis shows (1) a confluence Tine perpendicular to and in
advance of the squall Tine, (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 1line, offset somewhat from the surface diffluence
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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
diagnosed. Since the vertical motion at the top of the mixed layer
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 diffluence center is signifi-
cantly displaced from that at the surface by about 100 km. The 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-
able error may be incurred interpolating from 970 mb due to the sig-
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 divergence by the average between the surface and 970 mb diver-
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 using the former. There are evidently 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 interpolate from the vertical
velocity at 970 mb calculated using the average divergence between the

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

Accompanying the passage of the squall is a sudden drop in the
temperature of ~ 4°C with the coolest surface air ~ 50 km behind the
leading edge of the squall (Fig. 8). As discussed by Houze (1977) and
Zipser (1977a), it takes a considerable length of time ~ 6-8 h (corres-
ponding to ~ 300-400 km) for the surface air to warm to pre-squall
conditions. The surface specific humidity depression is delayed how-
ever, and does not reach a minimum until ~ 3-4 h (150-200 km) after the
squall passage (Fig. 9). The maximum depression of specific humidity atl
the surface below ambient values is ~ 3-4 ¢ kg_l.

The 1lag in the surface drying (reduction in specific humidity)
behind the squall 1line has been discussed by Zipser (1977a) and
Fitzjarrald and Garstang (1981b). The latter authors attribute the
drying and its coincidence with the period of surface warming to the
occurrence of rapid deepening of the mixed layer and entrainment 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 Teading edge of the squall
line produce a sudden increase in the instantanecus fluxes of sensible
and latent heat. The composite analysis of surface latent heat flux is
shown 1in Fig. 10. The enhancement of the Tlatent heat flux over the
majority of the wake area can largely be attributed to significant
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. 9. Composite surface specific humidity (g kg-l). (redrafted
from Johnson and Nicholls, 1982)
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Fig. 10. Composite surface Tatent heat flux (W m 2) (redrafted from
Johnson and Nicholls, 1982). Hourly positions of Gillis (G),
Meteor (M), Dallas (D), Researcher (R), and Oceanographer (0)
are indicated by dots.
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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 divergence where winds are

very light.
3.e Lapse Rates Above the Transition Layer

Above the mixed layer top there exists a transition layer (or
interfacial Tlayer) 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 Tlayer. Hence special attention is being given to
the deveiopment 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 0,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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Fig. 13.
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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, (198la) 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 lapse rate: Convective downdrafts occur in cores or cells and
result in air originally at about 3 km or above being 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
static energy and specific humidity profiles in B should 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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Composite’ Stability ds/dz = g +¢,dT/dz
Above Inversion (m s72)

100 km

3.6

4.5

6.2

Fig. 17. Composite stability atop the mixed Tayer inversion (m 5-2)
(redrafted from Johnson and Nicholls, 1982). Scalloped curve

enclosed estimated area of very stable boundary layer as in
Fig. 3.
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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 1ine). (C) Middle of squall wake (~ 100-250 km
behind ieading edge). (D) Rear of squall wake (> 250 km
behind leading edge).
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surface with a lower g than the surrounding air (it could still be
nearly saturated due to its low temperature). Fig. 20 shows moist
static energy (h = cpT + gz + Lg) profiles for three soundings ahead of
the squall line and three soundings within 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 high Tevel. The depth of this convectively 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 Tevel moist
static energy can be increased by sensible and Tatent heat exchanges at
the sea-air interface.) Rainfall evaporation combined with the effect
of vertical wind shear could also play a part. Gamache and Houze's
(1982a) 850 mb streamline analysis shows that the wind speed fe]ative 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, relative to the squall, we would expect it to descend in the
mesoscale downdraft (see Fig. 6) and since it is moving slower relative
to the squall Tine than air closer to the surface, to remain within the
rainfall region for longer and thus might increase its moisture 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 eqguations 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)
d,r -
HSv _ . w(z)
@ sy 7 (3.1)
d,r -
Hq . . w(z)
at Tqg 2 (3.2)

where rSv (= dsv/dz) is the gradient of virtual static energy and Fq (=
dg/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 mixed Tayer is growing into a
region having a strong negative gradient of specific humidity. The
gradient of virtual static energy above the transition layer is also in-
Sv is
fairly constant with height). Compare the profiles in C to those of

creasing as long as subsidence is occurring (at Teast as long as T

Researcher (1902) and Quadra (1501) in Figs. 12 and 14. If subsidence
continues, the mixed layer 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 gradiénts of specific humidity
above the mixed layer or they could be positive. The sounding for
Oéeanographer (1804) (see Fig. 15) 1is 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 soundings. The mixed layer 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 ]itt]e‘attention has been given to them for purposes of the com-
posite analysis. However, they are good examples of the Tlarge 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 positive gradient. Further discussion of the lapse
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 1ifting condensation level. Comparison
with Fig. 3 shows that there are no regions where the mixed Tayer height
exceeds the 1ifting condensation level, as expected. Just ahead of the
squall Tline the 1lifting condensation level is Tlow and only slightly

higher than the mixed layer depth whereas in the wake of the system the
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Fig. 21. Composite 1ifting condensation level (m).
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difference is large, about 500 metres. This large difference accounts
for the absence of shallow cliouds atop the mixed layer in the wake

region.



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

The composite analysis provides suitable information 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 Tayer,
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
30 <1y =y 4 L
L=~ u; [gs, K (w sb) ] (4.1)
0

where u, is the friction velocity, Sy the virtual potential temperature,

K Von Karman's constant, and (w's\'l)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, = JcDuz. Taking the follow-
1 1

ing values, cy = 0.0015, u =5 ms s, = 3x10% J kg =, K=0.4, (w's!),
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=25 mK s—l we obtain L = -24 m. Thus to a reasonable approximation
turbulence driven by éurface friction can be neglected in the squall
wake.

Another important consideration is the production of turbulence due
to wind shear in the transition layer. Deardorff (1978) estimated using
results from the study by Moore and Long (1971) that the shear-driven
entrainment becomes of equal or greater importance than convectively
driven entrainment when Au > 6 w, where Au is the magnitude of the mean
flow difference across the interfacial layer, and wy the convective
scale velocity given by
1/3

Wy = [(g/s IH(W"s?) ] (4.2)
0

where H is the mixed layer depth. If the transition layer depth is
about 100 m and if we estimate Au from wind profiles (not shown), the
ratio of Au 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 untike the thermodynamic variables
momentum did not appear to be well mixed within the mixed layer and no
distinct jump in wind speed Au 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 §V and of mean flux ;F?Qr for the model are shown in Fig.

22. The capping inversion to the mixed layer is represented by Asv. No
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Fig. 22. Idealized profiles of mean virtual static energy EV, mean

flux w's&, mean specific humidity q and mean flux w'q' for

the zero-order jump model.
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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-

tion is

=Y = g (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 averaging we

obtain
s, 5 . 5
— ot = ~ wlegl =
5T VS, Tz WSy Tz sy =0 (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
ﬁ(* Z;X dz + ﬁ[+ §TE§V dz = _ﬁ{

+

+ 1 I
(wsV W sv)dz

QJIQJ
N

(4.5)

+

h
J’ aF
R
- —— dz
h poz

where we have represented the radiative or evaporative cooling term in
flux form. Using Leibniz's rule and taking the Timit as h, - h_ > 0 we

obtain
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F
s H AF
oH - _ v R ‘
5t T LVH = wy As * phs,, (4.6)

where &H is the mean vertical velocity at H, FsvH the buoyancy flux, and
AFR 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 Jayer is
infinitesimal; however, in application its depth must be taken into
account to estimate the evaporation of rain. At h_ we have

ds, (h,) dh

T =Ty o+ & (4.7)

where Q, is the diabatic heating at h,_. Therefore

abs, dh, _ o a'v(h_)
st s @r T T sy s (4.8)
where Asv = Sv(h+) - sv(h_) and w, is the vertical velocity at h,.

Integrating (4.4) from the surface to h_ we obtain

aév(h_) L 5,0 svh_
st YV, (h) = ——F——+Q, (4.9)
where im is the mean velocity, averaged through the depth of the mixed

layer and Qm the mean diabatic heating term. Substituting (4.9) into
(4.8) we find
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(4.10)

where AQ = Q,_ - Qm. Taking the 1imit as h,_ - h_ » 0 and substituting
from (4.6), we find

R v
( - )+
S AsV pAsV

Q
<-+
I

v
i + AQ (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.

Foy="kF (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 Tayer occurs by
entrainment of potentially warmer air from above. Work is required to
carry warmer air downward to bé 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

(4.13)
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where e represents the mean turbulent kinetic energy and & 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
—r—r CEo

(ew' + B ¥y = LW (4.14)
P H

leD
N

where o, is the r.m.s. turbulence velocity in the mixed layer and H an
appropriate length scale (the coefficient Cp can be discounted for loss

due to dissipation), we find

3

(0]
Sy = - ¢ (4.15)

| —

Now in convective conditions, the turbulence intensity is proportional
to the convective scale wy defined by Eq. (4.2). Substituting wy for g,

(Tetting Ce absorb the constant of proportionality) we obtain

(EIWT)H = - c (EIWT)O (4.16)

which is Eq. (4.10) where k=cF. 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
m_ _qo gH
dt H ’ (4.17)
- . dH _ -
FqH = - Aq (dt wH), (4.18)
F . r F -F
dig _ _ gH g gH qo 3
dt Aq + A ) (4.19)

where a, is the specific humidity in the mixed layer, qu and FqH the
fluxes of specific humidity at the surface and at the top of the mixed
layer respectively, Fq the gradient and Aq the jump at H. Substituting
(4.6) into (4.18) we find (neglecting diabatic heating)

=489
F o s, FSVH, (4.20)

and substituting this equation into (4.19) we obtain

Fs H F
dAg _ | v - Agy _ 9o
it s, (rq TR R L (4.21)

Garstang and Fitzjarrald (1981b) found that the ratio

FaH
R = Fﬂ- (4.22)
qo

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 qu (R > 1).
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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 applied 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 mixed layer
height is large this distinction probably is not verylimportant, 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 Asv and Aq jumps are observed to occur over a significant
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 with observations. Due to the fact that the transition
layer is a significant 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

3 I 1 — ! i —_ : > - .
height h1 where w's v (w's V)1 = 0. In the transition layer s, s
written as

Sy = Sum + f(5,t)Asv (5.1)

where f(x, t) is a dimensionless shape factor defined in this region
with respective limits 0 < f < 1.
The Reynolds averaged thermodynamic equation (neglecting diabatic

heating)

ds
\Y)

Tg! . (5.2)
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Fig. 23. Idealized profiles of mean virtual static energy gv, mean
flux w'so, mean specific humidity q and mean flux w'q' for
the GSEM.
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is integrated from h1 to h2 yielding

dle ) . odh, o odhy
dt hy 542 7 Sy Gt Sumdr T W Asy
(5.3)
+(1-Y) (wWymwp)As = (CF“STV)1
upon invoking Leibniz's rule neglecting any variation of horizontal
velocity with height in the Tlayer but allowing a linear variation of

w(z) and using the outer boundary condition

= 0. (5.4)

Later the crossover flux (;FET;}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 g
for sv). The quantity Y in (5.3) is the integral shape factor defined
by

I>lb—k
-

h,
f f dz. (5.5)
h

1

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

11

fhz
A svdz svah + AsthY. (5.6)
1

Substituting (5.6) into (5.3) performing the differentiation and re-
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arranging terms we find

- dASv
As We1 = alw's’ ) - (1 + a)(w's' ) + YAh >
(5.7)
_ _ dAh _ dY
(1-Y) Asv (dt Aw) + As Ah It
where
dhy _
el T T T W1 (5.8)
Aw = Wy = Wi, (5.9)
h, -h
a = ( 2 R 1 ), (5.10)
1
and where the mixed-Tayer warming-rate equation
dsyy _ (W50, = (W75))) 511)
dt h1 ’
has been used.
The equation for dAsV/dt can be shown to be
dAs (w's)) ~(w's’)
v o_ dah _ 1
at " FSV (w el + at Aw) - hl . (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

(1-GY)Astel = a(l-Y)(WTEE) - (l-a- ozY)(W__T)1

(5.13)

(dAh

- (l-Y-GY)As AW)
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where

rsv(hz—hl) .
G = —-—ZEi7—-- . (5.14)

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

w

Gﬂl - [u(1-Y)R;1-(1—Y—GY)(g%ﬁ-Aw)/w*]/(l—GY) (5.15)
X
where
1/3
Wy = [g_ hy(W'sT) 1] (5.16)
v 0

is the convective velocity scale, and

-9 vl
Ra & T (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 Ah

DD = v+ wyaRy ! (5.19)

where

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

Q, = 02‘4- (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 Aw = 0.

To obtain the equations for specific humidity q is substituted for
Sy in equations (5.11), (5.12), (5.13) and (5.14). In the case of
specific himidity the flux at hl 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, Sum’ Asv, m

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

q_ and Aq,
the zerc-order model, and the equations (5.8), (5.11), (5.12) and the
appropriate equations for U and Aq, 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 Vi QH’ FS . FS ,
v v

qu and Fq. (Here Vo is the wind velocity relative to the squall line
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 al. (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 is assumed to be in the steady
state and moving at 13.5 m s_1 in a fixed direction. Relative to the
squall Tine the air in the mixed Tayer 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 using the composite analyses of the wind fields at

these levels and of the mixed layer height, i.e. for the x-component
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(eastward) of velocity

v (H) = (1—-3-%—[5) v (sfc) + 372 ~ - v (375 m) (6.1)

and similarly for the y (northerly) component. The average velocity of
the squall 1line 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):

Fs H
OH _ - _ v
Yr3x T "W T Bs, (6.2)
- F - F
, asvm ) SVO sVH (6.3)
r 3x H ’ :
aAsv FsVH FsVH B FSVO
v} = - T + y (64)
r ax sV Asv H
ag. F__ - F
m_ qo gH
Ve 3x T H i (6.5)
F
s H F
948q _ _ v - Aqy _ _Qo
Vr X Asv (rq H ) H (6.6)
where
FS H = - 0.25 Fs ,
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Reative  Streamli nes
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Fig. 24. Relative mixed layer streamlines (solid lines) and isotachs
(dashed Tines).
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AqF
P
gH Asv ’

V. is the wind speed relative to the squall line and x is now the dis-
tance along a streamline. The equations for H and ASv were solved using
the Runge-Kutta fourth-order method. The integrations are performed
along the eleven streamlines shown in Fig. 24 with the values of surface
fluxes, vertical velocity, horizontal velocity and lapse rates being
specified from the observed values at 30 km intervals. 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 S AS hl’ Ah, q

vm? v’ m

and Ag, written in finite difference form in natural coordinates rela-

tive to the squall line are:

e i
-+l _ =i, ax V°
vm - Svm T ;T_ S (6.7)
r 1
.
asi L o gl 4 AX g (w o + dah | aw) - &% v (6.8)
v v S el dt i i 2 :
v v v h
r r 1
41 _ 0 AX i, -
h1 = hl + vi (we1 + wl), (6.9)
r
where
. . i i |
wlo= ik [a@-VRE (-v-6v)(v, 280 - iyl ) —L ., (6.10)
* (1-GY)
. . i
b= an’ ¢ B (aw ¢ waQaRiD) (6.11)
' Y

r
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. . (F' - F')
A L (6.12)
v h
r 1
where
Flo= L1 (- (1-6 V)agw + a(1-Y)F]
ql (1+u-aY)1 q eo qo
(6.13)
- (1-Y- dah _
(1-Y GqY)Aq (5o - Ml
fpd
i+l _ 1, AX i dah _ i_ Ax _go ql) |
Aq = Agq + vi Iq (wel + at AW) vi hi . (6.14)

r r 1



7. RESULTS

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

Heating

" A previous study of the mixed Tayer recovery following the passage
of the 12 September squall 1line 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 thexﬁép of the mixed layer and the following formula has

heen used

w(375 m) ,._
0.6 (e

w(z) = -2/409 m

), (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
magnitude of the vertical velocity and Eq. (7.1) is likely to be more
realistic. Furthermore the development of the dry static energy and
specific humidity profiles will be looked at in more detail, and for
this a 1inear extrapolation between the surface and 375 metres to
heights slightly above 1 km would give much larger vertical velocities
than could reasonably be expec£ed.

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,
ASV = 0.4 J g_1 and Aq = -0.7 ¢ kg_1 (the jump in dry static energy for
this case is AS ~ 0.52 J g_l) for streamlines 1-9, H(10) = 230 m and
H(11) = 360 m. Initial values of virtual static energy and specific
humidity were determined from the composite analyses, Fig. 8 and Fig. 9.
There 1s some uncertainty in the initial values of ASV and Aq that
should be used; however, results do not seem too sensitive to reasonable
variations of these/qdantities (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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Fig. 26. Mixed layer depth (m) predicted by the zero-order jump model
(solid lines). Dashed lines show observed values.
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mixed layer depth should be regarded as the height of the middle of the
transition layer, about 50 meters greater than the actual mixed layer
depth). Figs. 27 and 28 show the model results for the mixed layer
specific humidity, and surface temperature (note T = s/Cp at the sur-
face) respoctively, for the case of no diabatic heating. The position-
ing of the minimum in g is in good agreement with observations although
recovery towards the rear of the system is too slow. There is a strong
gradient o q on the east side of the system, however, observations are
very sparse in this region and no meaningful comparison 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
partly responsible for the discrepancy between the observed and pre-
dicted specific humidity and surface temperatures. The predicted m.1.
depth is not so sensitive to neglect of diabatic heating (later). To
obtain an estimate of the importance of rainfall evaporation we use the
formula dev2loped by Manton and Cotton (1977); the rate of evaporation

is given by

1
-0.745.%

2,-1 ) }ssLG(T,p)Fr (7.2)

5/4

5
0

T

E = {0.5Rm P, * 124 Rm (p

1

meZ Ry T

2+
KRy T eS(T)me

where G(T,P =
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Fig. 27. Mixed layer specific humidity (g kg-l) predicted ty the zero-
order jump model without evaporation (solid lines]. Dashed
1ines show observed values.
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Fig. 28. Mixed layer surface temperature (°C) predicted by the zero-
order jump nodel without diabatic heating (solid lines).
Déshed 1ines show observed values.
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k = molecular diffusivity of heat,

D = molecular diffusivity of water vapour,

Rm = characteristic raindrop radius, (taken to be 0.0:7 cm)
r. = pr/po mixing ratio of rain,

PPV = rainfall rate,

vy = -21.26/J5; the terminal fall velocity,
v

ss, = (1 - — ) subsaturation,
VS

p. = density of air,

0
Py = density of water,

ry = water vapour mixing ratio,
m, = molecular weight of water,
e, = saturated vapour pressure.

As an estimate of the magnitude of rainfall evaporetion 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-l. The results are shown in Table 1.

Table 1

r r E LE
v Vs

T(°C)  P(mb)  (gkg™ D) (gkg H CUT1PY (kgn 3™y (wm™3)

surface 23.0 1010.7 15.0 17.8 1.23x10°° 2.2x10°® 0.055
mixed layer  22.2 1000.0 15.0 17.2 1.22x10°° 1.ex10°8 0.045
top

transition 22,0 989.0 14.2 17.1 1.20x10°% 2.3x10°® 0.059

layer top
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The heating rate of about -0.05 Wm_3 is somewhat larger than would be
expected due to radiation (for comparison a radiational heating rate of
-2 K day ! gives -0.03 Wm °).

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 ry = 15 g kg-l, tys = 17.5 g
kg_1 and T = 22.6°C, which are mean values for the Researcher (1902)
sounding in the mixed 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 Egs.
(6.3) and (t.5), respectively, and show later in section 7.c that this
is a good approximation to make. A constant radiational heating rate of
-2 K day.1 (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 -ig. 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, preilicted 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 “ine. Although quantitative agreement between the observed
temperature field and predicted is by no means perfect, the results are

encouraging.
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Fig. 29. Composite surface rainfall (mm hr ~). (redrafted from Gamache

and Houze, 1982 b).
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Fig. 30. Mixed layer specific humidity (g kg—l) predicted by the zero-
order jump model with evaporation (solid lines). Dashed lines
show observed values. ‘
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Fig. 31. Mixed layer surface temperature (°C) predicted by the zero-
order jump model with diabatic heating (solid lires). Dashed
Tines show observed values.
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Fig. 32 shows predicted quantities along streamline 5. The final
value of specific humidity with evaporation occuring in the mixed layer
is about 0.3 ¢ kg_1 larger than that for no evaporation but still less
than observed. The difference in static energy is quite large, about
1.5 J g_1 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

Yen = Gt ~ “H (7.3)

is large at the beginning 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 values greater than one which is coincident with drying in the mixed
layer. Values of Aq and As seem fairly realistic. Aq increases to

1

values greater than -4 ¢ kg_ which compares favorably to the sounding

at Q(1823), although As is somewhat underestimated at about 1.3 J g_1

compared to about 2 J g-l.

A difficulty has been encountered with the GSEM. Use of the rate
equation for Ah as suggested by Deardorff leads to much smaller tran-
sition layer depths (as small as 22 m) than seem feasable, see Fig. 33.
(This shows an integration along streamline 4). As noted earlier,
Deardorff's experiments did not include subsidence. Results obtained

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

sition layer grows from an initial value of 80 m to about 110 m. As is
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significantly different; however, it can be seen that the mixed layer
depth 1is relatively insensitive to the variation in Ah. Subsidence
probably can be expected to reduce the transition layer 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 Ah is held constant at 80 m. These
results are all very similar to these obtained by the zero-order model.
The mixed Tayer 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 gm and am’ Eqs. (6.3) and
(6.5) respectively, it is conceivable that using H which is the height
to the middie 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 tayer height is predicted where virtual static energy flux is
assumed zero. The fairly close agreement between the two models sug-
gests that this is 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 Ah, 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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Fig. 34. Mixed layer depth (m) predicted by the GSEM (solid lines).
Dashed lines show observed values.
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Fig. 35. Mixed layer specific humidity (g kg-l) predicted by the GSEM
without evaporation (solid lines). Dashed lines show observed
values.
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Fig. 36. Mixed layer surface temperature (°C) predicted by the GSEM
without diabatic heating (solid Tines). Dashed lines show
observed values.
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Fig. 37. Mixed layer specific humidity (g kg_l) predicted by the GSEM
with evaporation (solid lines). Dashed lines show observed
values.
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Fig. 38. Mixed layer surface temperature (°C) predicted by the GSEM
with diabatic heating (solid lines). Dashed lines show
observed values.
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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, V. Fsv’ Fs and rq 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 fluxes, the model response to a change in specified field
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 streamiine 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 huch 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 5_1 the final mixed layer depth
is very low. Although the final values obtained for g 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 Vi, to be 13.5m ss—1 (the speed of
the squall 1ine). 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 ¢ kg—1

and dry static energy by as much as 0.8 J ggl. 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 humidity 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 Wmnz) 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_2

, 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 FS. For the case

1 m-1 (which is considerably Tless

‘when Fs is held constant at 6 J kg_
than the observed gradient of dry static energy in the wake of the
squall Tine) 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 FS is held at 14 J
kg_1 m-l 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

1 1

-3 4 kg~ km—1 and -12 g kg km_l. Corresponding to these small
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changes in H only slight differences in dry static energy 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
surface 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-
dicted values of H, q and s, and that the time variation of these quan-
tities (relative to the ground) needs to be considered. Fitzjarra]d 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(*0.005

ms™ 1) at 375 m, v (£ 1 ms 1), Fo (25 wm %), r (2 J kg™t

_1). Although errors are cumulative, reasonable agreement be-

-1
, T (%3
m ) q( g

tween predicted mixed layer depth and observed could be expected as 1ong
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. Madel 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 guantity is not
so large).

We now consider the sensitivity to the initial conditions, the
entrainment parameter, and qu. qu is known to about the same accuracy
as FSv and on]y‘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 original choice of 150 m. It can be seen the mixed
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 rather than 0.4 Jg-l. The differences

values of AS of 0.2 and 0.6 Jg
obtained for all predicted quantities are virtually negligible. The
sensitivity of specific humidity to the initial choice of Aq (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 with some confidence the fields of vertical

velocity, horizontal velocity, surface fluxes and lapse rates.
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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 diabatic heating and moisture source terms
have been neglected in the governing equations. Diabatic heating terms
were included in the zero-order model, e.g. Egs. (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-
tion layer, it seems more appropriate 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

2 Ep> Froo iy

and FEl’ where QR is the diabatic heating rate, E the evaporation rate,

need to determine the magnitude of the terms QRZ’ QRM’ E

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 hl’ h2 and the mean value in

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

AFp = - LAk (7.4)
where AFR = FRZ - FRl and AFE = FEZ - FEl' Now
hy
AF, = - pQy(z)dz (7.5)
R R
hy
= - pQRmtAh

where QRmt is the mean heating rate in the transition layer.
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We can estimate AFR using the composite analysis of rainfall
rates and Eq. (7.2) once we have specified Ah. Furthermore, we can show

that the AQ term in Eqs. (B4) and (B6) is small compared to other terms.

From Table 1, we estimate

8Q = Qpy - Qp = (-0.059 + 0.050) = ~0.009 W m >,

and
. - . (- . - -2

AFR = QRmtAh = -(-0.059 - 0.045)x80 = 4.2 Wm “.
Comparing the magnitude of the terms involving AQR and AFR in Eq. (B6),
we find

YAhAQR : AFR

is about 0.36 : 4.0, where we have estimated Y as %. (Deardorff

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

than %). Comparing the last two terms in Eq. (B4) we find

Fsvl § FSVo
Vg
h R

is about 0.16 : 0.009, where we have taken FSVO to be 25wm_2 and h1 to
be 200 m. Hence it seems reasonable to neglect AQR. Similarly in Eq.

(B7) we can neglect the term involving F In Eq. (B5) we compare the

E-
terms

I AW : AE
q

8 . 8 1

which is about 5x10 0.30x10 ° where we have taken AW = 0.005 ms
and Fq = 0.00001 m_1 showing that AE can be neglected in this equation.

Hence, the equations are modified only by the terms involving AFR and
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AFE which are estimated using the ‘Researcher (1902) sounding. A1l
variables in Eg. (7.2) are held constant except the fainfa11 rate. This
sounding was taken slightly after the time for which the squall system
was considered 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 streamiine 5. Also shown are the results obtained when AFR and AFE
are omitted but QRm and Em are still included in Egs. (B9) and (B810),
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
fairly small. The rate of increase of dry static energy is slightly
reduced when the term 1ﬁvolving AFR is included since the mixed layer
height is somewhat larger in the first part of the integration. The
inclusion of AFR and AFE slightly increases the mixed layer specific
humidity. The inversion strength AS is noticeably increased, whereas,
Aq 1is 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 which 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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sources and sinks is

a{— + qu =0 ( * )
where
d
H_?9 ~
gt~ 3t YV

If we demand v and rq to be constant with height, then differentiating

Eq. (7.6) with respect to z we obtain

— I + =T =90 (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

dat r (7.8)

q

NIZ

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 rq
are well approximated by being held constant with respect to z. The
streamline analysis at 850 mb by Gamache and Houze (198la) show there is
considerable wind shear between the surface and this level. Eq. (7.8)
is thus only of qualitative importance in that we would expect the
effect of subsidence would be to tend to increase the gradient at the
top of the transition layer as long as the gradient was approximately
constant with height. 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
behind the squall line could have originated from very different re-
gions.  Furthermore, the effect of rainfall evaporation and diabatic
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
v. () L = w(x,2) (7.9)
r dx ’ ’

If the incompressible continuity equation is approximately satisfied
then the vertical velocity is required to be constant with height.
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 streamline 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 considerably faster than observations indicate.
The Towest 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 Vi, be a function of height. To make the analysis tractable
though we still have to make the streamlines independent of height;
otherwise we would have to trace trajectories from many different 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 96/9n is not a function of z, then the solution to this equation is
= oxo(-( 2 axy- (1Y 26 L 28
vr(x,z) = - exp(-J 5n dx) f[az exp ([ 5n dx)Jdx + Cexp(-f Sn dx)

where C is a constant. 9w/9z(x,z) was approximated by an analytical
function and 96/3n(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 distance along a streamline can be determined. The results (not
shown) are that the relative maximum is brought towards the surface
slightly 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 V. is also less at higher levels so an air
parcel remains within the mesoscale downdraft region for longer.

The poor agreement with observations 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 this study a procedure has been developed for obtaining 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 squall system in natural coordinates. The results of the
modeling study are in fairly good agreement with observations.

The asymmetry of the mixed layer height found in a composite
analysis by Johnson and Nicholls (1983) seems to be well simulated by
both models. Mixed layer growth is inhibited by mesoscale subsidence
and to a lesser extent (but still significantly) by the large gradient
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 Nicholls, 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 drier (in an absolute sense) than the air pre-
ceding the squall line. The depth of this downdraft outflow 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



101

the depth of the convective downdraft outflow layer 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 (1981b) 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 in moisture content of the entrained air 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 regions of strongly negative gradients of specific humidity
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
emphasized that the composite analysis of the gradients of specific
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 complicated by the fact that mixed layer specific humidity
also depends on the surface moisture flux.

Model results suggest rainfall 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
aerodynamic expressions, rather than taken as observed, then diabatic
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 higher leading to reduced surface fluxes and hence shallower 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 Fig. 32). Presumably we 'would have to know the specific
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. B9) had the right sign close to the squall, although
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it was about twice as large as that predicted by Eg. (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 Ah 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
determination 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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specific humidity are considerably larger 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 Tayer drying. Advective terms and diabatic effects
should be included for accurate prediction of surface temperature. The
zero-order model seems to work quite well giving results that differ
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 Tine and
that this air spreads out beneath moister air in between downdraft cores
leading to the unusual specific humidity profiles observed in most 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
will lead to an improved basis for the parameterization of convective

effects in Targe scale numerical weather prediction models.
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APPENDIX A

LIST OF SYMBOLS

bulk transfer coefficient for water vapor
bulk transfer coefficient for sensible heat
specific heat

molecular diffusivity of water vapor
surface evaporation

flux of rain

heat flux
flux 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

ratio of specific humidity flux 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



109

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



Ah
Aq

As

110
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

d aF

v__9 wSsS _ 1 R
dt =~ 3z V7™ 0oz (81)
dq _ .9 wq _1 ?EE (B2)
dt 9z p 9z

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
- S = = (B3)

i.e. if we have rain falling through a layer within which evaporation is
occurring then BFE/BZ < 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

+ AQg (84)
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where AQR = Qo = Qe

rRZ is the heating rate at h2,

QRm is the mean heating rate in the mixed layer;

F-F
d _ d_ - ql qo
I Aq = l"q (Wel + at Ah AW)+ hl + AE (B5)

where AE = E, - E_,

2 m

E2 is the evaporation rate at h2,

Em is the mean evaporation rate in the mixed layer;

S
W, (167

a(1-Y)R, L - (1'L;GY) (gﬁh - AW)

(B6)
YARAQy  AFp

+ +
ASVW* pASVw*

where AF, = F

R=Fro ™ F

R1’

F is the heat flux at h

R2 2’

FR1 is the heat flux at hl;

1

Fo. = Traman)

-(1- W
4 ( GqY)Aq o

1 + a(l-Y)Fq

0

(B7)

AFE

- -y~ dah _ _E
(1-¥-6,Y)aq <dt AW) + YARAE + —

where AF. = F., - F

E E2 E1l’

FE2 is the flux of rain at h2,

FE1 is the flux of rain at hl;

dh1
a Wt (88)



113

ds Y
vm _ )
A (E9)
da wlql - 'wlqn
m _ 0 1
T h * B . (B10)

1

We also need an equation for Ah or as we have done here specify it

as a constant.
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