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Abstract

A meso-(3-scale kinetic energy (KE) budget of a midlatitude mesoscale convective system (MCS)
and its effects on larger-scale flow are investigated using a 21-h high-resolution real-data simulation
of an intense squall system that occurred during 10-11 June 1985 PRE-STORM. It is found that
the ageostrophic cross-contour generation in the front-to-rear (FTR) ascending flow provides a major
source of KE to the squall system, whereas the horizontal flux divergence is a primary sink. The
vertical flux divergence is a KE sink (source) in the FTR ascending flow below (above) an upper-level
jet, but it is always a source in the rear-to-front (RTF) descending flow. Due to the downward KE
transport in the RTF flow, the presence of the jet stream containing most of its KE along the line
appears to affect the intensity of the squall system and surface gust fronts several hundreds kilometers
away to the front and to the southwest of the system.

The effects of moist convection on atmospheric motion of all resolvable scales are examined in a
wavenumber space. With deep convection incorporated, the model produces little changes in the KE
spectrum for smaller wavelengths but significant alterations in both the spectral magnitude and slope
for longer wavelengths. The convectively generated alterations appear to be a consequence of the

intermittent development of the MCS, rather than reverse KE cascade.

1. Introduction

Recent observational and modeling studies have
shown that squall lines with trailing stratiform pre-
cipitation are often characterized by three distinct
air currents within the systems: an overturning up-
draft along the leading line, a front-to-rear (FTR)
ascending flow into the trailing stratiform region,
and a rear-to-front (RTF) descending current be-
neath the stratiform cloudiness (Smull and Houze,
1987; Rutledge et al., 1988; Zhang et al., 1989).
These internal (meso-3-scale) circulations have been
found to play an important role in the formation
of trailing stratiform precipitation (Rutledge and
Houze, 1987; Zhang and Gao, 1989; Zhang and Cho,
1992), the interaction of mesoscale convective sys-
tems (MCSs) with larger-scale mean flow (Gao et
al., 1990; Gallus and Johnson, 1991), and the de-
velopment of midlevel mesovortices (Biggerstaff and
Houze, 1991; Zhang, 1992). These internal airflows
should also have profound effects on the energetic
interactions between MCSs and their environments.
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However, few KE studies have been performed on
the internal energetics of MCSs and their relation-
ships with larger-scale environments, undoubtedly
owing to the lack of appropriate data. For instance,
on the meso-a-scale, all KE studies have been con-
ducted with emphasis placed on MCSs’ environ-
ments and the interaction between synoptic and
mesoscale circulations using upper-air observations
(e.g., Kung and Tsui, 1975; Fuelberg and Printy,
1984; Carney and Vincent, 1986; Chen et al., 1990).
For these KE studies, the energetic effects of MCSs
on larger-scale environments are treated only as a
residual. Thus, the results could contain large errors
due to the computation of other terms, particularly
those associated with pressure gradients, in the KE
balance equation. On the other hand, some meso-+-
scale KE budgets have been attempted to determine
convective-scale energy sources and sinks, e.g., us-
ing the Doppler-derived high-resolution (Az <1 km)
winds and retrieved thermodynamic variables within
MCSs (Lin and Coover, 1988; Lin et al., 1991). But
the lack of data in the immediate storm environ-
ments and weak-echo regions places stringent lim-
its on the budget results. For this reason, Lilly and
Jewett (1990) investigated the energetics of supercell
storms using dynamically consistent data obtained
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from cloud model simulations.

Nevertheless, all of the aforementioned mesoscale
KE budgets have documented significant energy
conversion and transport in the vicinity of MCSs,
and considerable alteration of larger-scale energy
balance. Although most of the studies reveal that
generation by cross-contour flow is the main source
and horizontal flux divergence is the major sink of
KE, their magnitudes vary markedly, depending on
the intensity and the phase of MCSs (McInnis and
Kung, 1972; Kung and Tsui, 1975; Tsui and Kung,
1977). Furthermore, Vincent and Carney (1984)
found pronounced differences between KE budget
terms derived from the conventional and special
upper-air observations, indicating that data resolu-
tion may account for a large portion of the differ-
ences in the previously-mentioned KE studies. In
particular, upper-air observations in the vicinity of
active MCSs are often either missing or less reli-
able for KE analyses. Thus, KE budget analyses
of numerical simulations are valuable in aiding our
understanding of the effects of MCSs.

The purposes of the present study are to (i) ex-
amine the relative importance of various internal air
streams in determining the energetics of an MCS;
and (ii) investigate the net energetic effects of the
MCS on different scales of motion, using a 21-h,
high-resolution, real-data simulation of an intense
squall system that occurred during 10-11 June 1985
U.S. Preliminary Regional Experiment for STORM-
Central (PRE-STORM; Cunning 1986). As com-
pared to observations, the simulation data are much
more complete and dynamically consistent. Al-
though this dataset has been utilized by Gao et al.
(1990) for horizontal momentum analysis, we feel
that the present investigation fills the gap in the
mesoscale KE studies and facilitates comparisons
with the previous meso-a- and <y-scale KE analy-
ses. In particular, because of the less terms involved
the KE analysis appears to reveal better the in-
teraction of energy-generating elements with their
larger-scale environments. The presentation of this
study is organized as follows. Sections 2 and 3 de-
scribe briefly the model simulation and the basic
methodology used for this study, respectively. Sec-
tion 4 presents vertical and horizontal distribution of
meso-(-scale and area-averaged KE budgets during
the squall’s life cycle in order to gain insight into KE
sources/sinks of the MCS. Section 5 shows the ener-
getic effects of the squall system on its larger-scale
environment, and discusses convectively generated
KE spectra. A summary and concluding remarks
are given in the final section.

2. Model simulation

The squall system under investigation was initi-
ated at 2100 UTC (i.e., 1500 LST) 10 June 1985 as a
weak surface front moved towards the PRE-STORM
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network and interacted with a thermal boundary. A
midlevel short-wave trough also played an important
part in the initiation and later organization of the
squall system. The squall line intensified rapidly in a
convectively unstable environment over the network
and advanced southeastward at a speed of 14-16 m
s~!. The squall system reached its mature stage
at 0300 UTC and began to dissipate at 0600 UTC
11 June. During its mature and decaying stages,
the squall system produced many classical meso-3-
scale characteristics, such as a pre-squall mesolow, a
mesohigh and a wake low, an overturning updraft, a
FTR updraft and a RTF downdraft, a leading vor-
tex followed by an anticyclonic vorticity zone and
a midlevel mesovortex (see Johnson and Hamilton,
1988; Rutledge et al., 1988; Biggerstaff and Houze,
1991).

The Pennsylvania State University/National
Center for Atmospheric Research (PSU/NCAR)
mesoscale model was utilized to simulate the ini-
tiation and subsequent evolution of the squall sys-
tem (see Anthes et al., 1987 and Zhang et al., 1989
for more details). The essential model elements in-
clude: (i) a two-way interactive nested-grid proce-
dure (Zhang et al., 1986); (ii) an improved version
of the Fritsch-Chappell (1980) convective scheme in
which parameterized downdrafts are incorporated;
(iii) explicit calculations of cloud water/ice and rain-
water/snow as predictive variables (Hsie et al., 1984;
Zhang, 1989); and (iv) the Blackadar boundary-
layer scheme (Zhang and Anthes, 1982). To sim-
ulate this squall system, the model has to be initial-
ized with conventional observations at 1200 UTC 10
June 1985, which is 9 h prior to the initiation of the
squall line. The model is then integrated for 21 h
with a fine-mesh length of 25 km.

Zhang et al. (1989), Zhang and Gao (1989) and
Zhang (1992) showed that the PSU/NCAR model
reproduces remarkably well many internal struc-
tures and evolution of the squall system, as verified
against all available network observations (i.e., Au-
gustine and Zipser, 1987; Johnson and Hamilton,
1988; Rutledge et al., 1988; Biggerstaff and Houze,
1991). Because the 10-11 June 1985 squall line has
been the subject of numerous investigations, Figs. 1
and 2 provide only a portion of the evolution of sim-
ulated surface features and vertical cross sections of
total KE content, overlaid by system-relative flow
vectors, from 12, 15 and 18 h simulations for con-
venience in later discussion. These three periods
are chosen to represent roughly the squall’s develop-
ment at the incipient, mature and decaying stages.
It is apparent that the previously mentioned sur-
face pressure disturbances and tropospheric internal
airflow structures are well reproduced in the simu-
lation. As can be seen from height deviations, the
surface pressure perturbations extend up to as high
as 600 mb. Zhang and Gao (1989) showed that the
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Fig. 1. Distribution of sea-level pressure (mb) from 12, 15 and 18 h simulations, valid at 0000, 0300 and
0600 UTC 11 June 1985, respectively. The cold frontal symbols alternated with double dots indicate
the leading convective line. The lines with A-A’ are the location of cross sections used in the subsequent
figures. The intervals marked on the frame are the fine-mesh grids (i.e., 25 km), similarly for the rest

of figures.

initial high KE content in the upper portion of the
troposphere (Fig. 2) is associated with a southwest-
erly jet stream near 250 mb. As the squall line enters
the mature stage (i.e., 0300 UTC), a pocket of the
low KE content that originated from the lower half
of the troposphere becomes oriented along the FTR
ascending air stream, whereas a pocket of the high
KE content associated with the jet stream tends to
be brought downward and forward in the RTF de-
scending flow. Near the end of the squall’s life cycle
(i.e., 0600 UTC), some KE content in the jet stream
has reached the surface behind the system, whereas
the KE content in the convectively disturbed upper
troposphere has been markedly reduced. Inspection
of the squall-line circulation suggests that the low-
level increased and the upper-level decreased KE
contents occur primarily along and normal to the
line, respectively (e.g., ¢f. Figs.2 and 10 in Gao et
al., 1990). In addition, these KE variations appear
to be closely related to the development of descend-
ing RTF and ascending FTR flows within the squall
system. The next three sections show how the KE
budgets are computed and how individual energetic
processes contribute to the generation of these KE
anomalies.

3. Methodology

A majority of previous KE budget studies have
utilized an FEulerian form of equations. In the
present study, a quasi-Lagrangian approach is
adopted in which the budget is evaluated in coor-
dinates following the squall system, in order to sep-
arate the system’s advective effects from the ener-
getic processes that influence the KE changes. The
KE equation for a hydrostatic atmosphere (see Fu-
elberg and Printy, 1984) in the quasi-Lagrangian p-

coordinates can be approximated as

DK owk
== —/v- (v=cn)lk-[ 5~ —/V-V¢+/V-F,
TEN HFD VFD GEN DIS
(1)

where

/ S / dzdyd 2)

T gAzAyAp Yo,

and

D o) 0

Cn is the system propagation speed normal to the
line, k=V - V /2= (u?+v?)/2 is the horizontal KE
per unit mass and K = [ k, ¢ =gz is the geopotential
height, w is the vertical velocity in the p-coordinates,
Ax=Ay=25km is the grid length, Ap=50 mb, and
F denotes the frictional effects associated with nu-
merical diffusion and the planetary boundary layer
(PBL). The terms HFD and VFD are horizontal and
vertical flux divergence of KE, respectively. They
have no effects on the total KE of MCSs over a large
area, but can redistribute KE within the MCSs and
transfer it from one scale to another. Note that to
compute the HFD term, the model (z, y) compo-
nents of winds (i.e., © and v) have been transformed
into the right-handed coordinates (n, s) with n-axis
normal to the line, positive in its direction of move-
ment (i.e., V;, and V;). The system propagation
speed is then subtracted from its normal compo-
nent (i.e., an average speed of 14.5ms™! along the
direction of 125%). Thus, the HFD term should be
viewed as being relative to the squall system. The
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Fig. 2. Left panel shows the NW-SE vertical cross-sectional maps of total kinetic energy (K) at intervals

of 5x10* Jm™2 (50 mb)~!, superposed with cross-line relative flow vectors, from 12, 15 and 18h
simulations, valid at 0000, 0300 and 0600 UTC 11 June 1985, respectively. Right panel shows the
corresponding maps of height deviations at intervals of 10 m but superposed with actual flow vectors.
All solid (dashed) lines denote positive (negative) values, similarly for the rest of figures. Cross sections
are taken along the lines A-A’ in Figs. la-1c and cover a horizontal length of 450 km.

term GEN represents the generation of KE, or con-
version of potential energy to KE, by cross-contour
or ageostrophic flow. If the flow is downgradient,
KE will be gained as a result of mechanical work
done by the pressure gradient force. Otherwise, KE
will be lost or converted to potential energy. The
term DIS is the dissipation of KE due to subgrid-
scale processes in the model. Since the PBL effects
are only notable in the lowest 50 mb over convective
regions (see Fig. 11 in Gao et al., 1990), and since
the effects of convective momentum transport were
excluded in the Fritsch-Chappell scheme (see Zhang
et al., 1989), subgrid-scale KE dissipation is one to

two orders of magnitude smaller than other terms
in Eq. (1). Hence, the term DIS will not be consid-
ered in later discussion. In most observational KE
analyses, however, this term is often calculated as a
residual to balance other terms in Eq. (1), and thus
differs in concept from the one used in the present
study. The term TEN is the local change of KE
in the quasi-Lagrangian coordinate, and computed
as the sum of the above four energetic processes.
Thus, the only errors contained in the term TEN
are related to the aforementioned PBL and num er-
ical diffusion effects.
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Fig. 3. Vertical cross sections of a) cross-contour generation ( f —V.V¢, GEN); b) horizontal flux divergence
([ —V-(V—Cn)k, HFDJ; c) vertical flux divergence (f — 2k VED); and d) quasi-Lagrangian tendency

DK

9p

£& | TEN) at intervals of 3x 10 W m~2 (50 mb) ™! along the line A-A’ in Fig. la from 12-h simulation,
valid at 0000 UTC 11 June 1985. Actual flow vectors are given in the GEN diagram whereas system-
relative flow vectors are provided in other diagrams.

4. Kinetic energy budget

In this section, horizontal and vertical cross sec-
tional maps of resolvable-scale and area-averaged
KE budgets are presented to investigate the inter-
nal and mesoscale energetics of the 10-11 June 1985
squall system, as given in Fig.2, and to describe
relationships between the KE variations and the
squall’s internal circulation characteristics.

(a) Vertical variation of kinetic energy budget

Figures 3-5 show vertical cross sections of KE
budget terms from 12, 15 and 18 h simulations, valid
at 0000, 0300 and 0600 UTC 11 June, respectively.
The cross sections are taken along lines to the north
of the squall system and lie within a fixed vertical
plane but with different segments used to follow the
system (see Fig. 1). Note that overlaid with the dis-
tribution of GEN and height deviations are actual
(i.e., ground-relative) flow vectors, whereas in other
diagrams are system-relative flow vectors. The lat-
ter will be implied in subsequent descriptions, unless
otherwise mentioned.

At 0000 UTC, the squall line has formed for three
hours. Figure 3 depicts that the squall’s internal cir-
culations are dominated by a FTR ascending flow

and an overturning updraft during this incipient
stage. Associated with the ascending motions are
positive height deviations (e.g., a warm-core-related
mesohigh in the main updraft, see Fig. 2), which re-
sult from the latent heat release exceeding adiabatic
cooling in the updrafts. As shown by Zhang and
Gao (1989), the rear inflow into the squall system oc-
curs after intense updrafts break through the large-
scale RTF flow associated with the jet stream. Then
this rear inflow begins to descend as sublimative and
evaporative cooling takes place at the back edge of
the updrafts. Thus, the ascending current tends to
transport higher KE content associated with the jet
stream upward, leading to positive VFD aloft and
negative VFD below. However, almost all of the
upwardly transported KE is offset by local negative
HFD due to the presence of convectively generated
strong divergent outflow near the tropopause. On
the other hand, because this divergent outflow is
downgradient (see Fig.2), the GEN term provides
positive contribution to the quasi-Lagrangian KE
tendency in the FTR ascending region. The net re-
sult is a gain of KE and rapid intensification of the
flow in the upper portion of updrafts.

By comparison, the net variations of KE in
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Fig. 4. As in Fig. 3 except from 15-h simulation, valid at 0300 UTC 11 June 1985.

the low-to-midtroposphere are much less significant.
Specifically, although the ascending flow rapidly in-
tensifies in response to the low-level convergence,
both the HFD and VFD do not make sizable con-
tribution to the quasi-Lagrangian tendency. These
weak variation rates are attributable to the pres-
ence of a weak-gradient flow in the prestorm envi-
ronment. Similarly, the efficacy of the cross-contour
production is generally small, but negative in the
rear half portion of the FTR ascending current. This
negative KE production implies that the flow may
not originate from the warm air, according to at-
mospheric energy theory. In fact, Fig. 2 shows that
some of the air in the RTF flow appears to be forced
into the updrafts in response to latent heating aloft.
Hence, the actual rear inflow is “blocked” by the
warm-core-related mesohigh, and becomes upgradi-
ent towards the leading updrafts. Note the little KE
production by the GEN in the lowest 300-mb layer,
even though significant pressure gradients have de-
veloped in association with the surface mesolows and
mesohighs (see Figs. 1a and 2). This is in significant
contrast with the momentum budget which shows
pronounced contribution of pressure gradient forces
to the intensification of the descending rear inflow
across the line (see Fig. 3 in Gao et al., 1990).

By 0300 UTC, the previously mentioned three air
streams have become well organized, particularly
the FTR ascending and RTF descending flows. Up-

ward motion in the stratiform region as strong as 1
ms~! has developed in the presence of moist sym-
metric instability (see Zhang and Gao, 1989; Zhang
and Cho, 1992). Thus, Fig. 4 exhibits enhanced or-
ganization and development of energetic areas that
are closely related to the three air streams during
this mature stage. The flow variations are also bet-
ter displayed from the KE viewpoint than could be
seen from the momentum budget (cf. Fig. 4 in Gao
et al., 1990 and Fig.4 herein). In particular, the
quasi-Lagrangian tendency shows substantial gains
of KE in the upper troposphere over the squall-line
area, and relatively smaller gains in the descending
portion of rear inflow. It is evident that the cross-
contour production is a source of KE in most por-
tions of the ascending regions. This is undoubtedly
a consequence of the latent heat release exceeding
adiabatic cooling in the organized ascending flow,
so the warmer air rises. This is consistent with the
energetic theory that KE will be generated from po-
tential energy when the warm air ascends. Further-
more, the cross-contour production appears to ac-
count for a large percentage of the net KE gain at
the upper levels, especially towards the leading por-
tion of the system (also see Fig. 3). Of great impor-
tance is that the GEN term also acts as a source of
KE in the trailing stratiform region, because it indi-
cates that the pertinent mesoscale ascent occurs in
a warmer atmosphere. This result conforms to the
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Fig. 5. As in Fig. 3 except from 18-h simulation, valid at 0600 UTC 11 June 1985.

observations that the stratiform region of MCSs of-
ten exhibits a warm-core structure (Maddox, 1983;
Houze, 1989; Johnson and Bartels, 1992). Although
the contribution of VFD is more significant than the
GEN in the upper portion of the main updraft, most
of its contribution has again been offset by the HFD
within the upper divergent outflow layer. In fact,
the HFD is always a KE sink in the upper tropo-
sphere during most of the squall’s life cycle. The
greatest quasi-Lagrangian gain of KE takes place
at the top of the leading updrafts where both the
GEN and VFD contributions are large. Hence, the
upper-level flow should be expected to accelerate,
more rapidly along the leading updrafts. This will
be further shown in the next subsection.

Figure 4 also shows that the effects of the cross-
contour production decrease downward due to the
reduction in both horizontal winds and pressure gra-
dients (see Fig. 2). The GEN term contributes pos-
itively, though small, to the slow increase of KE to-
wards the flow interface in the trailing rear inflow.
Of interest is that as in updraft regions at 0000 UTC
(Fig. 3), the GEN acts too as a sink along the lead-
ing portion of the descending rear inflow. This indi-
cates that the RTF descending inflow may not occur
together with colder air, except ahead of the low-
level cold pool where the actual flow is downgra-
dient. With a simple numerical model, Srivastava
(1985) demonstrated that the descending motion al-

ways warms the air below in a stratified flow, while
the evaporation of raindrops cools it. In the present
case, some portion of the descending flow could be-
come relatively warmer as a result of the subsidence
warming exceeding the evaporative cooling, espe-
cially towards the rear of the system where less con-
densate is available for evaporation (see Zhang and
Gao, 1989). Furthermore, because the sublimative
and evaporative cooling dominates along the lead-
ing edge of the descending flow, the midlevel rear
inflow is in a certain sense forced to descend (Zhang,
1992). Therefore, the RTF flow above the cold pool

.could become upgradient, namely, in the present

case, blowing from a wake low to a mesohigh pres-
sure region (Fig.2). Obviously, these forced warm-
air descent and cold-air ascent could only occur at
relatively small scales, and thus they may not be
well detected by conventional observations. Never-
theless, Vincent and Carney (1984) did analyze a
situation in which an airflow blew from a low to
high pressure zone outside a convective storm.

The relative horizontal convergence of KE is al-
ways small in the lower half portion of the ascend-
ing flow. Only along the flow interface where both
KE gradients and mass convergence are large (see
Fig. 2), does the HFD show pronounced production
of KE. The largest gain of KE through the HFD
appears to occur above the melting level (i.e., 600
mb) where the cooling-induced convergence is max-
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imized (Zhang, 1992). In contrast, the effects of
VFD are generally opposite in sign but more pro-
nounced than the HFD. Given that horizontal KE
in the prestorm environment increases with height
up to the jet-stream level, the VFD term would act
as a KE sink in the FTR ascending flow and a KE
source in the RTF descending flow. Thus, Fig.4
shows that during the mature stage the VFD over-
compensates for the HFD and appears to be mainly
responsible for the net loss of KE in the middle por-
tion of the ascending flow and the net gain of KE
in a deep layer behind the surface evaporatively-
generated mesohigh (see Fig. 1), thereby resulting in
the upwardly and downwardly tilted isopleths of KE
in the respective FTR and RTF flows, and the strong
gradient of KE across the interface (Fig.2). Evi-
dently, the downward transport of the upper-level
high KE content plays an important role in deter-
mining the intensity of the descending rear inflow,
as will be further seen in the next section.

By 0600 UTC, the squall system has gradually ad-
vanced into a convectively less unstable region and
begun to decay (Zhang and Gao, 1989), especially
for the northern portion of the line where the present
cross section is taken. Hence, less latent energy is
available for production of warm air in the updrafts
(Fig.5). As a result, all energetic contributions in
the leading ascending regions diminish during this
period. In the low- to midtroposphere, however,
the squall system during this early decaying stage
is dominated by organized descending motion. This
is because there are still some amounts of conden-
sate available for evaporation in the mesoscale down-
drafts. Therefore, the descending regions continue
to gain KE in a quasi-Lagrangian sense within a
deep layer (i.e., from 300 mb to the surface), due
to the downward transport of the upper-level high
KE content. In particular, Fig. 2 shows that at this
time the isopleths of KE above 500 mb have been
brought downward close to the surface by the strong
RTF descending motion. This indicates that the
surface gust fronts in the present case may be re-
lated through moist downdrafts to the presence of
the upper-level jet stream. Because the descending
rear inflow is divergent, the relative HFD exhibits
negative contribution to the quasi-Lagrangian ten-
dency; but it is overcompensated by the VFD in
the presence of large vertical KE gradients. Note a
narrow zone of net KE loss along the flow interface
that starts to show up when the RTF descending
flow becomes evident. Most of this loss is produced
by the VFD, namely, any KE gain through the HFD
is rapidly lost to the flow acceleration below in the
descending currents. This vertical negative-positive
rate couplet just reflects the downward layer-by-
layer transport process of the upper-level KE con-
tent in the descending rear inflow.

Vol. 71, No. 4

(b) Horizontal variation of kinetic energy budget

To gain insight into the three-dimensional ener-
getic variability of the squall system, Figs. 6-9 show
horizontal maps of KE budget terms in relation to
the squall’s adjacent environment. It is also infor-
mative to examine the KE variations associated with
convectively generated mesoscale rotational flow in
the vicinity of the squall system. In the follow-
ing, only diagrams at the mature and earlier de-
caying phases, in which the midlevel mesovortex
and other meso-{3-scale features are better developed
(see Zhang et al., 1989), are shown for the lower (i.e.,
0 =0.873 which is about 100 mb above the surface),
middle (550 mb) and upper (200 mb) tropospheres.
Areas with significant vertical motion are also given.
Since Figs.4 and 5 show relatively less temporal
variations of KE in the low-to-midtroposphere, only
upper-level maps at 0300 UTC are provided.

It is apparent from Figs. 6-9 that all significant
energetic perturbations are situated behind and ori-
ented along the squall line. In the upper troposphere
(i.e., 200 mb), there are large positive KE tenden-
cies right behind the leading line, suggesting rapid
acceleration of the flow after passage of the squall
line. This situation is consistent with the often ob-
served development of jet streams to the north or
northwest of MCSs (e.g., Fritsch and Maddox, 1981;
Maddox et al., 1981). For the present case, perhaps
the upper-level flow structure in the immediate envi-
ronment differs somewhat from that generated by a
more circular type of MCSs. Specifically, the diver-
gent outflow tends to accelerate more towards the
jet stream to the north, as can be seen from hori-
zontal flow vectors. This could be attributed to the
upward transport of the southwesterly component of
the jet stream from the layers below. It should be
noted that the presence of a jet stream in a convec-
tive environment, as well as its strength and relative
location, is extremely important in determining KE
budgets at different scales. For example, Fuelberg
and Jedlovec (1982) analyzed that horizontal trans-
port of KE by jet streams could become a princi-
ple KE source to MCSs. But the jet stream in the
present case renders a KE sink to the upper tropo-
sphere through the HFD, and a KE source (sink)
above (below) the jet-stream level through the VFD
in the ascending flow. The jet stream appears to be
a major KE source in the descending rear inflow.

Note some spatial and temporal variability of the
budget terms along the squall system at different
development stages. During the mature phase (Fig.
6), marked cross-contour production occurs over a
widespread area in the northern portion of the sys-
tem where the stratiform region is located. These
large values of the GEN are indicative of strong
cross-angle flow from the mesohigh to its adjacent
low pressure regions. Fuelberg and Printy (1984)
reported that cross angles at the top of convective
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TEN) at intervals of 3x 10 W m™2 (50 mb) ! at 200 mb over a subdomain from 15-h simulation,

valid at 0300 UTC 11 June 1985. Flow vectors given in the GEN diagram are relative to the ground
and in other diagrams are relative to the system. Shadings and hatchings represent the distribution of

more significant up- and down-drafts, respectively.

regions could be as great as 90°, as also seems to be
the case herein. When the system enters the decay-
ing phase, the stratiform precipitation expands into
a much greater area behind the leading updrafts (cf.
Figs. 6 and 7). Meanwhile, the low-level southwest-
erly energy supply is interrupted by deep convection
to the south of the line (see Fig. 9 herein and Fig. 3 in
Rutledge et al., 1988). Thus, the upward motion to
the north begins to weaken, and the effects of GEN
and VFD decline. The GEN even becomes a sink of
KE to the north of the system where upward adia-
batic cooling may exceed local latent heating (Fig.

7). As the center of updrafts is displaced to the
southwest, so is the influence of cross-contour flow
and upward KE transport. Since these two processes
always overcompensate for the HFD over the convec-
tively active regions, net gain of KE prevails to the
southwest of the line. This results in the marked
contrast between the convectively generated diver-
gent outflow and the environmental flow. In essence,
the squall system moves progressively into a weak
flow region toward the southeast, and leaves behind
an enhanced south to southwesterly flow. This di-
vergent outflow clearly plays an important role in
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Fig. 7. As in Fig. 6 except from 18-h simulation, valid at 0600 UTC 11 June 1985.

the formation of a large stratiform region behind  the divergent descending flow but generation of KE
the leading line. in the convergent ascending flow with the strongest

At 550mb (Fig.8), a midlevel mesovortex has amplitude occurring along the interface. Nonethe-
become well developed beneath stratiform clouds less, the VFD appears to determine the net gain of
during the mature and decaying stages (see Zhang, KE in the trailing RTF flow and the net destruction
1992). Although the squall’s circulations are three of KE along the leading edge due to the loss to the
dimensional in character due to the presence of the = flow below. Thus, the downward transport of the
mesovortex, all energetic influences at the midlevels  upper-level KE and the combined effects of the GEN
are mainly determined by the squall’s vertical mo- and the HFD are responsible for the intensification
tion and occur linearly along the system. The cross- of west-to-northwesterly and south-to-southeasterly
contour flow produces notable destruction of KE  components of the vortex circulation, respectively.
along the leading portion of the descending rear in- Evidently, the strengthening of the RTF descend-

flow, as previously mentioned. But the GEN con- ing flow enhances the midlevel mesovortex via both
tributes positively to the quasi-Lagrangian tendency tilting and stretching (see Zhang, 1992).
elsewhere, particularly in the ascending flow dur- In the lower troposphere, the divergent descend-

ing the system’s intensifying phase (cf. Figs. 4 and ing outflow is seen vertically sloping downward from
8). The HFD term also causes destruction of KE in 400 mb and now occupies a larger area than the as-
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Fig. 8. As in Fig. 6 except at 550 mb from 18-h simulation, valid at 0600 UTC 11 June 1985.

cending motion along the leading line (see Figs.5
and 9). Because of the strong descending flow, the
downward transport of midlevel KE becomes the
dominant source of KE behind the squall line. This
leads to the development of northeasterly flow in the
system’s wake, since the upper-level cold air tends to
subside anticyclonically, e.g., from southwesterly at
upper levels to westerly at midlevels and northeast-
erly at low levels (see Figs. 7-9). Unlike the gener-
ation term in the horizontal momentum equations,
the presence of mesohighs and mesolows in the low-
est layers again does not seem to have significant
contribution to the KE budget through the GEN,
except ahead of the leading line where the ground-
relative flow has intensified.

(c) Temporal variability of composite energetics
After showing the detailed structure of energetic

processes, it would be of interest to examine the
time evolution of mesoscale KE budgets that are
averaged over a box of 250 kmm (along-line) x 150 km
(across-line) following the squall system during its
life cycle. Figure 10 displays that the vertical distri-
bution of the area-averaged budgets is generally sim-
ilar to that analyzed from the vertical cross sections
in Figs. 3-5. But their magnitudes are much smaller
than those described earlier, as expected. Perhaps
of most significance is that many detailed energetic
processes in the low to midlevels have been filtered
out after area averaging, especially those associated
with moist downdrafts. One exception is during the
decaying stage in which evaporatively driven down-
drafts prevail within the system. In contrast, most
energetic processes happened in the upper tropo-
sphere are well captured. This is because the upper-
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Fig. 9. As in Fig. 6 except at a level about 100 mb above the surface (i.e., 0 =0.873) from 18-h simulation,
valid at 0600 UTC 11 June 1985.

level divergent outflow occurs at a scale much larger  nitude. All energetic processes diminish once the
than the concentrated updrafts below (Fritsch and system begins to dissipate.
Brown, 1982); in the present case it has a scale of Figure 11 shows a time series of vertically inte-
300-400 km (cf. Figs. 3-5). grated KE budget terms, based on the results from
It is apparent from Fig. 10 that the cross-contour Fig. 10. The time evolution of the VFD is not given,
generation, even averaged over a mesoscale area, is because its vertical integration from the surface to
still the major source of KE to the upper tropo- the model top vanishes. After all, the VFD only
sphere. The VFD is a secondary KE source above  plays a role in vertically redistributing KE through
the jet-stream level; but most of its contribution is =~ FTR updrafts and RTF downdrafts. As can be
offset by the HFD in this divergent outflow layer. seen, the column-integrated quasi-Lagrangian KE
Below the jet-stream level, the upward transport of  tendency increases steadily during the intensifying
lower KE in the prestorm environment is respon- period, and then drops rapidly as the system de-
sible for the net destruction of KE in the midtro-  cays. This KE evolution is primarily determined by
posphere. These basic scenarios persist during the the cross-contour production of KE resulting from
incipient and mature stages of the squall system, the net heating of the atmospheric columns (see
although there is some temporal variability in mag- Fig. 20 in Zhang and Gao, 1989). In contrast, the
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Fig. 11. The time evolution of vertically in-
tegrated and area-averaged kinetic energy
budgets that are obtained from the results
given in Fig. 10.

vertically-integrated HFD becomes a major sink of
KE to the squall system that counteracts with the
cross-contour production. Of course, the vertically-
integrated frictional effect is also a non-conservative
sink to the total KE of the system (see Lin and
Coover, 1988; Lin et al., 1991). Obviously, the cross-
contour generation will be the only non-conservative
source to the system, when the KE budget equation
is evaluated over a sufficient large area.

(d) Comparison with previous studies

It is evident from the above KE analyses that
the energetic processes of the simulated squall sys-
tem vary greatly from its adjacent environment to
the storm region, from updrafts to downdrafts, and
from the lower to upper troposphere. The high-
resolution simulation data permit a detailed view of
the meso-3-scale variability of the squall-line’s ener-
getics. None of previous observational studies could
reveal the energetic variability of an MCS and its
relationships with the MCS’s internal and adjacent
flows, owing to inadequate data. In particular, lit-
tle have been presented on the KE budgets associ-
ated with the descending flow in the stratiform re-
gion. Thus, it is not practical to make quantitative
comparisons between our results and previous KE
budget analyses. Nevertheless, it is still possible to
qualitatively compare our budgets for the MCS itself
with those of MCS’ environment, even though there
are some differences in data sources, grid resolution,
and the type and severity of MCSs. Specifically, cur-
rent results are most similar to those of Fuelberg and
Printy (1984) for a KE budget of the meso-3-scale
near-storm environment using the rawinsonde obser-
vations at 75 km spacing and 1.5h intervals. Their
composite area-time averaged budgets do show more
significant variations at the upper levels with the
GEN and VFD terms as the main sources of KE
and the HFD and DIS terms as the major sinks (see
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their Fig.5). At the low-to-midlevels, the budget
terms show weak but opposite contribution to the
KE balance equation. The largest contribution of
these terms appears near the jet-stream level (i.e.,
around 200 mb). However, the average magnitudes
of the upper-level GEN, HFD and VFD contribu-
tion inside the MCS are generally 2, 3 and 8 times,
respectively, greater than those in the MCS’ imme-
diate environment. The more pronounced difference
in the VFD contribution is clearly caused by the grid
spacing of rawinsonde observations that often fails
to detect more intense circulations. The grid reso-
lution problem also appears to explain some other
pronounced differences. For example, the Fuelberg
and Printy study, as well as others (e.g., Tsui and
Kung, 1977; Vincent and Schlatter, 1979), shows
substantial net KE loss at the upper levels in the
vicinity of the MCS being studied. This KE loss re-
sults primarily from the dissipation that is obtained
as a residual of the KE balance equation; and thus
it is associated with the processes that are not ad-
equately resolved by the observational network. In
the present study, however, the dissipation effects
are only associated with numerical diffusion and the
PBL processes. Thus, many internal energetic ele-
ments shown in Figs. 3-9 would be either treated as
the subgrid-scale dissipative processes or aliased into
larger-scale features in mesoscale observational stud-
ies. Nevertheless, the above comparisons suggest
that the current observational network could only
depict the basic influence of MCSs on the larger-
scale environments above the concentrated updrafts,
because their most significant energetic effects occur
in a thin layer in the upper troposphere; but it may
fail to represent the energetic effects of downdrafts.

5. Energetic effects of the squall line

As with observational KE analyses, the budget re-
sults presented above include energetic effects of all
scales on their larger-scale flow. To isolate the con-
vective effects, an additional numerical experiment
was run, in which neither parameterized convection
nor grid-scale condensational heating (Exp. NDH)
was included (see Zhang and Fritsch, 1988). This
simulation presumably produces the evolution of the
large-scale basic state without the influence of the
squall system. Thus, any KE deviations between
the control run and Exp. NDH could be attributed
to the development of the squall system. These two
sets of data are analyzed in both a physical and a
wavenumber space and discussed below.

(a) The net effects of the squall system

The control-simulated KE distribution and the
KE deviations at 200 mb near the end of the squall’s
life cycle are given over a larger subdomain in Figs.
12a and 12b, respectively, which exhibits significant
perturbations everywhere over the subdomain, be-
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Fig. 12. Distribution of 200-mb a) horizontal
kinetic energy, superposed with actual flow
vectors; and b) kinetic energy deviations
between the control and NDH (no diabatic
heating) runs, superposed with deviation
flow vectors, at intervals of 50 J kg™! over
a large domain from 18-h simulation, valid
at 0600 UTC 11 June 1985. Letters ‘W-E’
and ‘S-N’ denote the location of vertical
cross sections used for Figs. 13 and 14, re-

spectively.

ing more pronounced behind the squall line. The
squall region first experiences a rapid KE increase
northeastward along the leading updrafts, and then
a slow increase over the stratiform region. Although
there are some negative deviations in the northern
portion of the stratiform region, which result from
the weakening of local FTR ascending flow during
this decaying stage (cf. Figs. 7 and 12), the substan-
tial intensification of southwesterly low and KE gra-
dients to the north and northwest of the squall sys-
tem is clearly apparent. The largest KE content
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Fig. 13. West-east vertical cross sections of a) horizontal kinetic energy (k), superposed with W-E vertical
circulation vectors relative to the ground; and b) kinetic energy deviations between the control and
NDH (no diabatic heating) runs at intervals of 50 J kg ™! from 18-h simulation, valid at 0600 UTC 11
June 1985. The location of the cross section is given in Fig. 12a.

exceeds 1800 Jkg~! (see Fig. 14a), which is equiva-
lent to a wind speed of 60ms™!. This is obviously
a consequence of the “obstacle” effects of the squall
system (Fritsch and Brown, 1981). Specifically, the
KE budget analysis shows that the upper-level flow
over the squall region is driven by the squall’s in-
ternal circulations. This can be further evidenced
by the distribution of convectively generated devia-
tion flow (see Fig. 12b), which displays characteristic
across-line divergent outflow over the squall region
and general anticyclonic flow outside. Note that this
flow pattern is distinct from a circular type of anti-
cyclonic outflow associated with mesoscale convec-
tive complexes (e.g., see Fig. 6 in Zhang and Fritsch,
1988; and Fig. 20 in Maddox et al., 1981). In addi-
tion, the continuous KE production and transport
into the upper troposphere also help enhance the
outflow downstream, leading to the acceleration of
the jet stream and extremely large KE deviations to
the northwest (see Fig. 12b). Of significance is the
area of convective influences that more than doubles
the active portion (i.e., with significant vertical mo-

tion) of the squall system. However, the simulation
shows only slight west-east oscillations with a mono-
tonic increase of KE content towards the jet stream
to the north (not shown), when the diabatic heating
was turned off (i.e., Exp. NDH).

To see how the entire model troposphere is af-
fected by the development of the squall system, Figs.
13 and 14 show the west-east and south-north cross
sections, respectively, of the control-simulated KE
content and the KE deviations. It is evident that
the squall system disturbs a deep layer in the tro-
posphere. The net convective effects are most pro-
nounced within a layer of 250 mb in the upper tropo-
sphere and increase northward, as also indicated by
the KE budgets. The upper-level weak and negative
deviation regions to the south represent the convec-
tive “blocking” effects through the FTR ascending
flow. Next, large KE values are distributed along
the trailing descending RTF flow (over a distance of
> 600 km); most of these values appear to be trans-
ported downward from the jet stream. Zhang and
Gao (1989) and Zhang (1992) mentioned that the
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Fig. 14. As in Fig. 13 but for south-north vertical cross section at intervals of 100 J kg™

!, superposed with

S-N vertical circulation vectors relative to the ground. The cross section is taken across the fine-mesh
domain with the letters ‘S’ and ‘N’ denoting the location of the subdomain’s S-N boundaries in Fig,.

12a, respectively.

presence of a cross-line component of the jet stream
along with a dry upper troposphere tends to pro-
vide a favorable condition for the development of
the RTF descending flow. It has been shown herein
that the downward transport of the jet stream KE
accounts for a large percentage of the positive KE
deviations in the low to midtroposphere, since both
the GEN and HFD produce destruction of KE in
most portion of the descending flow, except near the
surface cold pool and the flow interface (see Figs.
3-5). Because the volume of the divergent descend-
ing flow increases downward, the magnitudes of the
associated KE content and deviations decrease as
approaching the surface (cf. Figs. 8, 9, 13 and 14).
Of striking interest is that the presence of the
jet stream appears to affect the intensity of sur-
face gust fronts several hundreds kilometers away
not only to the front but also to the southwest of
the system (Fig.14). Note that most of the jet-
stream KE content occurs along the line (see Fig.
12), rather than across the line. Otherwise, the
dynamical structure of the squall system could be

markedly different (Rotunno et al., 1988). As an
aid in understanding the energetic influences of the
jet stream, Fig.15 shows the portion of enhanced
KE deviations associated with the descending rear
inflow at various levels. The area of concentrated
deviations is displaced downward from the north-
west near the jet-stream level to the southwest of
the squall system at the lower levels. Meanwhile,
the upper-level southwesterly flow turns into west-
erly at the middle levels, northwesterly at 700 mb
and northeasterly below (see Figs. 7-9 and 15), as it
descends anticyclonically towards the surface over a
horizontal span of more than 400 km and a depth of
550 mb. Quantitatively, an air parcel following the
RTF descending flow will increase its northeasterly
component by 10ms~?! for every 100 km across-line
displacement in accordance with the angular mo-
mentum conservation principle, assuming the Cori-
olis parameter of 10~4s~!. Such scenarios could
also been seen from trajectory calculations (see Fig.
11 in Zhang and Gao, 1989). Clearly, the inten-
sification of the low-level northeasterly flow tends
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Fig. 15. Distribution of concentrated kinetic
energy deviations at intervals of 100 J kg™*
that is associated with the descending flow
in the trailing stratiform region at 300
mb (dashed), 400 mb (solid) and 550 mb
(dot-dashed) from 18-h simulation, valid
at 0600 UTC 11 June 1985. Arrows indi-
cate the prevailing flow directions at these
levels.

to enhance convergence for continued convective de-
velopment to the southwest (see Figs.1 and 14a).
Hence, the downward KE transport along the line
should be regarded as being of equal importance to
that across the line, when the earth rotational ef-
fect is included. The result reveals an important
mechanism whereby an upper-level jet stream could
affect the evolution of MCSs through the RTF de-
scending flow, besides the mass adjustment process
shown by Uccellini and Johnson (1979). Perhaps
it is appropriate to state that the mass-adjustment
process provides a favorable secondary circulation
for the initiation of MCSs, whereas the vertical KE
transport helps strengthen the RTF descending flow
and affect the further evolution of the MCSs. The
downward KE transport would be more significant
through sublimative and evaporative cooling when
large amounts of stratiform precipitable particles
could be deposited into the jet stream. This indi-
cates that certain model physics, such as ice micro-
physics and explicit moisture schemes, are instru-
mental in the generation of the stratiform precipita-
tion, descending flow and surface pressure perturba-
tions, in addition to the parameterized downdrafts
(Zhang et al., 1989; Zhang and Gao, 1989; Zhang,
1992). In fact, Zhang and Gao (1989) showed that
the RTF descending flow becomes very weak, when
the diabatic cooling processes were omitted in the
model (see their Figs. 13 and 15). The result also
suggests that our current knowledge on the effects
of convectively generated downdrafts, particularly
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for parameterization in larger-scale models, needs
to be revised. Specifically, the mesoscale descending
flow in midlatitudes should be viewed to occur an-
ticyclonically along three-dimensional slantwise sur-
faces, like the FTR ascending flow (Zhang and Cho,
1992), rather than just within a vertical column or
a two-dimensional vertical cross section.

Note the dipole structure of KE deviations cen-
tered around 500 mb that represents the energetic
impacts of the convectively generated mesovortex on
the larger-scale flow (Fig. 14b). The influence of the
associated rotational circulation is as large as 600-
800 km along the line and 300-400 km across the
line, again much greater than the active portion of
the squall system. As shown by Zhang (1992), this
midlevel mesovortex is induced by diabatic cooling
in the RTF descending flow, and amplified through
tilting of horizontal vorticity during the intensifying
stage and stretching during the decaying stage. Ap-
parently, the mesovortex influences the environmen-
tal flow by slowing down the southwesterly winds
underneath the jet stream to the north while accel-
erating the RTF flow to the south (Fig. 14). On the
other hand, the intensification of the RTF flow and
the FTR return flow would assist the concentration
of cyclonic vorticity associated with the vortex (see
Zhang, 1992). Since the return flow of the vortex is
relatively warm and moist, it tends to ascend slowly
rearward. Thus, the relative RTF flow to the north
fails to reach the surface (e.g., see Fig. 5 in Zhang
and Gao, 1989) or may reverse its direction when the
return flow is strong. This implies that more wides-
pead rainfall but less violent weather events may oc-
cur to the north beneath the jet stream than to the
south, as happened in reality (Johnson and Hamil-
ton, 1988). It is apparent that with the development
of the mesovortex, the squall line circulations should
be viewed in a three-dimensional framework, rather
than in two dimensions (Houze et al., 1989).

(b) Kinetic energy spectra

Because of the importance of mesoscale flow for
analyses of energy transfer, there has been con-
siderable interest during the past decades in the
mesoscale KE spectra (e.g., Gage, 1979; Lilly, 1983).
Specifically, a wavenumber k=3 distribution has
been derived by Charney (1971) and verified by
Chen and Wiin-Nielson (1978) for two-dimensional
flow with wavelength between 1000 and 3000 km. A
k—5/3 distribution has been found to be suitable for
three-dimensional flow with wavelength less than 1
km (Kolmogorov, 1941), and recently extended by
Nastrom and Gage (1985) up to 400 km. However,
much remains to be understood about the form of
the spectrum between the two extremes of wave-
length, particularly when convective effects are in-
cluded.

To examine the spectral characteristics of con-
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vective effects, the simulated wind data along the
model-x direction across the coarse-mesh domain
(d.e., 3600km x 3000 km) are smoothed using the
1-2-1 filter and detrended following Errico (1985).
Then a Fourier transform is applied, and the sums of
the squares of the Fourier coefficients at each wave-
length are longitudinally averaged over 750 km (i.e.,
30 rows) where the squall’s influence is more evi-
dent. The results for both the NDH (thin-solid lines)
and control (thick-solid lines) runs are given in Fig.
16, which shows the upper-level (i.e., 200 mb) and
the lower-level (i.e., 0=0.873 that is about 100 mb
above the surface) spectra over the wavelength range
from the model resolvable scale (i.e., 50km) to the
domain size (i.e., 3600 km). Midlevel spectra are not
shown because they have intermediate structures be-
tween the upper- and lower-level spectra. As can be
noted, there are some wiggles in the central portion
of the spectra; they are attributable to the limited
rows of spectra used for average. Nevertheless, it
is noted that the model produces approximately a
—3 KE spectrum for wavelength longer than 500 km
and a —5/3 spectrum for wavelength less than 150
km in the upper troposphere from Exp. NDH (Fig.
16a). This implies that the simulated spectra have
roughly the shape expected from the theory of quasi-
two-dimensional turbulence and the theory of buoy-
ancy waves (Gage, 1979; Lilly, 1983). By compari-
son, the KE spectrum in the lower troposphere still
exhibits the —5/3 slope for shorter wavelength, but
a close to —2 slope for longer wavelength. Moreover,
the spectral magnitudes for larger scales are smaller
than their counterparts in the upper troposphere.
These spectral shapes are of little interest otherwise
since they are attributable to the initial and lateral
boundary conditions being used. They are discussed
here because of our interest in the effects of the MCS
on the spectral distribution of KE.

Specifically, when the diabatic heating effects are
incorporated, spectral amplitudes show increases at
all wavelengths longer than 150 km from the lower
to upper troposphere, except on the model domain
scale at which spectral amplitudes for both the con-
trol and NDH runs are constrained by the same lat-
eral boundary conditions. The largest increase oc-
curs between 1000 and 2000 km in which the con-
vectively generated spectral amplitudes more than
double that in Exp. NDH. Of special interest is that
there are little variations in spectral shape and am-
plitude at shorter wavelengths, even though the sim-
ulated squall system exhibits disturbances at differ-
ent scales down to the grid resolvable scale. This
finding appears to differ from the controversial view
that a spectral peak should be expected near the
squall scale because of the concentrated KE con-
tents at the MCS scale. To help understand the
spectral characteristics of moist convection, Figs.
16a, 16b also provide the KE variances (dot-dashed
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lines), that are computed from the deviation winds
between the control and NDH runs, and the total
KE spectra (dotted lines) that are obtained by su-
perposing the variance amplitudes with that from
the NDH. First, the KE variances at both the up-
per and lower levels do not display any peak within
the present wavenumber domain, even though Figs.
12 and 13 show the squall-related KE concentration
occurring around the wavelength of 500-1000 km.
Instead, longer wavelength tends to have larger vari-
ance amplitude, even if the wavelength domain were
extended to an extremely large scale. Second, de-
spite some differences in amplitude at certain wave-
lengths, the basic structure of the total KE spectra
resembles the control-simulated, again with no peak
at any intermediate scales. This indicates that the
differences in spectral amplitude between the control
and NDH runs represent the net effects of the squall
system on different scales of motion. Then, it follows
that the convectively intensified spectral amplitude
at longer wavelengths could not be viewed as the
upscale KE propagation or “the reverse energy cas-
cade,” as discussed by Gage (1979) and Lilly (1983).
These amplitude increases are simply a consequence
of the intermittent development of deep convection
over the wavelength domain. In other words, a peak
for either the KE variances or the KE spectra may
appear near the squall-system scale if the MCS oc-
curs periodically across the domain. If this is true,
we may not likely obtain a mesoscale spectral peak
in the presence of MCSs, because MCSs seldom de-
velop periodically in midlatitudes.

6. Concluding remarks

A meso-3-scale KE analysis was performed for a
life cycle of a midlatitude MCS, using a 21-h real-
data simulation of an intense squall system that oc-
curred during 10-11 June 1985 PRE-STORM. It is
found that the squall’s internal airflows have impor-
tant impacts on the KE structures within the sys-
tem and in its adjacent environment. On the other
hand, the prestorm KE distribution and the convec-
tive redistribution of KE affect the intensity of the
squall’s internal airflows. Results show that (i) the
cross-contour generation acts as a major source of
KE in the FTR ascending flow and a weak source
in the trailing rear inflow; (ii) the horizontal flux di-
vergence is mainly a KE sink in the divergent upper
troposphere; and (iii) the vertical flux divergence
is a sink (source) in the FTR ascending flow be-
low (above) the jet-stream level, but it is always a
source in the RTF descending flow. When the KE
budgets are evaluated over a sufficient large area,
the cross-contour production becomes the only non-
conservative KE source to the squall system as a re-
sult of the net heating of the atmosphere. It is found
that the squall system has an important “block-
ing” effect on its environmental flow, particularly
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Fig. 16. Horizontal kinetic energy spectra (J kg™!) averaged over 750 km for the wavelength range 50 to
3600 km at a) 200 mb; and b) 0=0.873 (i.e., about 100 mb above the surface). Thick-solid and thin-
solid lines denote the spectrum from the control and NDH (no diabatic heating) runs, respectively.
Dot-dashed lines represent the KE variance and dotted lines denote the sum of the NDH spectral and
the variance amplitudes.

through the FTR current in the middle to upper tro- ~ With some of the previous mesoscale KE analyses,
posphere. The development of a midlevel mesovor- and indicate that the current observational network
tex tends to enhance the RTF flow to the south while ~ could provide the qualitative influence of MCSs on
slowing down the westerly winds underneath the jet ~ their larger-scale environments in the upper levels,
stream to the north. The results agree qualitatively ~ but may miss the effects of downdrafts in the lower
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half portion of the troposphere.

In this study, it has been documented that the
presence of an upper-level jet stream with most of
the KE content occurred along the line could en-
hance the intensity of the RTF descending flow via
the downward KE transport, and then affect the
evolution (e.g., the low-level convergence) and the
internal airflow structure (e.g., the strength of the
midlevel mesovortex) of MCSs. This argument ap-
pears to help explain partly why the RTF flow in the
present case is so strong and the squall system is so
well organized. The results also indicate the impor-
tance of incorporating realistic physical representa-
tions into mesoscale models, such as cloud and ice
microphysics, in order to reproduce well the interac-
tion of MCSs with their environmental flow, and the
pertinent internal airflow structures and evolution.

The KE spectral analysis shows that including the
effects of the squall system alters little the —5/3
spectra at shorter wavelength, but substantially the
amplitude and the shape for the —3 spectra at longer
wavelength. It has been demonstrated that the
convectively intensified amplitudes at longer wave-
lengths result simply from the intermittent develop-
ment of the MCS across the domain, rather than
the upscale KE propagation. It should be noted,
though, that this conclusion is only obtained from a
single numerical case study in which numerous ap-
proximations are made. Some more carefully ar-
ranged numerical simulations should be conducted
in the future, e.g., with higher resolution, a larger
domain and explicit convection, to provide a bet-
ter understanding of the spectral characteristics of
moist convection. Nevertheless, because this simu-
lation has been extensively verified against all spe-
cial network observations and because there are so
many similarities between the observed and simu-
lated squall systems, we believe that the basic con-
clusions presented herein are still relevant to real
squall systems in midlatitudes, particularly for those
trailed by extensive stratiform precipitation.
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