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ABSTRACT

In an effort to improve operational forecasts of mesoscale convective systems (MCSs), a mesoscale version
of the operational Canadian Regional Finite-Element (RFE) Model with a grid size of 25 km is used to predict
an intense MCS that occurred during 10-11 June 1985. The mesoscale version of the RFE model contains the
Fritsch-Chappell scheme for the treatment of subgrid-scale convective processes and an explicit scheme for the
treatment of grid-scale cloud water (ice) and rainwater (snow).

With higher resolution and improved condensation physics, the RFE model reproduces many detailed structures
of the MCS, as compared with all available observations. In particular, the model predicts well the timing and
location of the leading convective line followed by stratiform precipitation; the distribution of surface temperature
and pressure perturbations (e.g., cold outflow boundaries, mesolows, mesohighs, and wake lows); and the
circulation of front-to-rear flows at both upper and lower levels separated by a rear-to-front flow at midlevels.
. Several sensitivity experiments are performed to examine the effects of varying initial conditions and model
physics on the prediction of the squall system. It is found that both the moist convective adjustment and the
Kuo schemes can reproduce the line structure of convective precipitation. However, these two schemes are
unable to reproduce the internal flow structure of the squall system and the pertinent surface pressure and
thermal perturbations. It is emphasized that as the grid resolution increases, reasonable treatments of both
parameterized and grid-scale condensation processes are essential in obtaining realistic predictions of MCSs and

associated quantitative precipitation.

1. Introduction

Due to rapid increases in computer power in recent
years, operational numerical models have improved
markedly by refining their numerical and physical
schemes, and by increasing their grid resolution, which
very soon will be high enough to resolve mesoscale
convective systems (MCSs). As a consequence, grow-
ing atiention is now being paid to improve mesoscale
weather forecasts at numerous operational meteoro-
logical centers. These improvements have led to re-
markable progress in operational prediction of large-
scale pressure systems (e.g., extratropical cyclones).
However, the progress in quantitative precipitation
forecasts (QPFs) and severe weathér warnings has
lagged substantially behind the large-scale forecasts
(e.g., Charba and Klein 1980; Sanders 1979). This is
particularly true during the warm season when a large
portion of annual precipitation is produced by MCSs
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(e.g., Fritsch et al. 1981; Heideman and Fritsch 1988),
which are generally too small to be resolved by the
conventional data network and handled by current op-
erational models. Therefore, the improvement of the
average skill in QPFs for the warm season has occurred
much slower than that for the cold season (Ramage
1982). Similarly, the average skill in QPFs for precip-
itation systems forced by mesoscale mechanisms has
been much lower than those forced by large-scale pro-
cesses (Fawcett 1977, Heideman and Fritsch 1988;
Fritsch and Heideman 1989). Thus, it appears that
significant improvements in QPFs and severe weather
warnings are possible when mesoscale weather systems
can be better predicted by operational models.
Although the relationship between the grid resolu-
tion and the mesoscale structure is easy to understand,
it is not clear how an increase in horizontal resolution
will improve numerical prediction of mesoscale quan-
titative precipitation and severe weather events. First,
since numerical weather prediction is an initial-value
problem, the details contained in the initial conditions
are of primary importance. Numerous studies have
shown that numerical simulations of MCSs are very
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sensitive to changes in the initial humidity, tempera-
ture, and horizontal winds (Kelly et al. 1978; Zhang
and Fritsch 1986a; Chang et al. 1986). Clearly, this
imposes a severe limit on the quality of mesoscale
weather forecast, particularly considering that the initial
conditions in an operational setting are far from ade-
quate in providing mesoscale details. Second, as the
grid resolution increases, solutions corresponding to
more energetic and transient circulations may become
important. Their interactions with didbatic heating/
cooling and boundary-layer processes may produce
significant undesirable small-scale perturbations. Thus,
certain physical parameterization schemes designed for
coarse-mesh models may prove inadequate for fine-
mesh models. This is especially true for the treatment
of moist convection that could change drastically as
the horizontal grid size decreases from hundreds of ki-
lometers to tens of kilometers (Frank 1983). For in-
stance, the large-scale models need to parameterize
both deep convection and mesoscale circulations,
whereas mesoscale models need only to parameterize
deep convection, since the mesoscale circulation can
be explicitly resolved. As the grid size is further reduced
(e.g., <5 km), all convective elements can be explicitly
resolved, and convective parameterization can be by-
passed. But even for a grid mesh of 10 km, some type
of parameterization is still needed in order to. remove
rapidly conditional instability in a vertical column and
help activate grid-box saturation at the right time and
location (Zhang et al. 1988). Therefore, for models
with intermediate grid size (i.e., 20-30 km), it is es-
sential that a realistic convective parameterization be
coupled with an explicit scheme treating solid, liquid,
and vapor phases (Zhang et al. 1988; Molinari and
Dudek 1992). Such an approach has proven to provide
a broader spectrum of interactions between the subgrid-
and the grid-scale circulation, and thus, it will also be
adopted for the present study.

Using the above-mentioned approach with The
Pennsylvania State University / National Center of At-
mospheric Research (PSU/NCAR ) Mesoscale Model
(Anthes et al. 1987), in which the Fritsch-Chappell
(1980, hereafter FC) convective scheme and an explicit
scheme were incorporated, Zhang et al. (1989, hereafter
ZGP) have obtained a successful simulation of an in-
tense squall line that occurred on 10-11 June 1985
during Preliminary Regional Experiments for STORM-
Central (PRE-STORM, Cunning 1986). For this case,
the Limited-Area Fine-Mesh Model at the National
Meteorological Center (NMC) and the spectral model
at the Canadian Meteorological Centre (CMC) failed
in predicting total precipitation and severe weather
events associated with this MCS. Clearly, the coarse
grid meshes used at the time in these models (for ex-
ample T59 for the Canadian spectral model) could
partly explain the failure. It is unlikely, however, that
the squall system could be well predicted by simply
increasing the horizontal resolution to 20-30 km.
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Therefore, a first objective of this study is to demon-
strate, with the Canadian Regional Finite-Element
(RFE) Model, the potential for operational models to
predict the internal structure and evolution of MCSs
and to significantly improve QPFs and severe weather
warnings if both high grid resolution and compatible
model physics are implemented. A second objective is
to determine the sensitivity of the numerical prediction
of the 10-11 June 1985 squall line to different implicit
and explicit condensation schemes and to different sets
of initial conditions.

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

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

2. Model system and initialization

The mesoscale version of the RFE model used to
simulate the 10-11 June 1985 MCS is very similar to
the current version of the operational model. The main
differences include (i) a decrease of the horizontal grid
size t0 25 km (as compared to 50 km in the recently
implemented operational version) in the core region
of the variable grid (Fig. 1), (ii) the incorporation of
an explicit moisture scheme and a more appropriate
convective parameterization; and -(iii) the enhance-
ment of the CMC analysis to include some mesoscale
details. Table 1 summarizes the basic features of the
RFE model used for this study.

a. Dynamics

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

Numerics

« 3D hydrostatic primitive equations

e semi-implicit time discretization

o semi-Lagrangian scheme for 3D advection (time step: 300 s)

e lincar finite elements in (x, y, o)

» variable horizontal resolution grid overlaid on a polar
stereographic projection (25 km in fine grid)

¢ 19 4 levels with high resolution in the lowest 150 mb

 second-order horizontal diffusion for temperature, vorticity,
and divergence

® 0.5° orography field

Physics

e planetary boundary layer (PBL) based on turbulent kinetic
energy

 diagnostic PBL height

s implicit vertical diffusion

o surface energy budget based on force~restore method

e diurnal cycle with solar and infrared fluxes at ground
modulated by clouds

e infrared and solar radiation fluxes calculated at all levels

e diagnostic cloud cover

o Fritsch-Chappell scheme for parameterized moist convection

e explicit moisture scheme containing prognostic equations for
cloud water/ice and rainwater/snow

nique provides the flexibility to use a uniform, high-
resolution mesh in the central domain surrounded by
a smoothly varying resolution mesh in which the grid
size increases by a constant factor until the equator is
reached (Fig. 1). This variable resolution self-nesting
strategy is quite useful for regional-scale and mesoscale
modeling (Staniforth and Mitchell 1978; Staniforth and
Mailhot.1988) and has several advantages (Gravel and
Staniforth 1992). Solid wall flow conditions are im-
posed at the lateral boundaries tangent to the equator.
A semi-Lagrangian scheme is used to treat horizontal
and vertical advection, which allows a much longer
time step (with no loss of accuracy) than Eulerian-
based advection schemes whose time step is limited by
numerical stability. Here, a time step of 300 s is used
for the present model integration with a fine-mesh size
of 25 km,

b. Physics

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

In the mesoscale version of the RFE model, an im-
proved version of the Fritsch and Chappell (1980)
convective parameterization scheme has been incor-
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porated (Zhang and Fritsch 1986b). In this scheme,
the convective available potential energy (CAPE) de-
termines the amount of convective heating, moistening,
and precipitation, and it is removed during a convective
time scale 7. (time needed for midlevel winds to advect
horizontally the parameterized clouds across one grid
length; in the scheme, this parameter is forced to lie
between 30 and 60 min). The scheme divides a grid
box into three parts: convective updrafts, moist down-
drafts, and compensating subsidence. It is assumed that
convective effects are dominated by deep clouds; thus,
this scheme is most suitable for a grid length of about
20-25 km. Deep convection is triggered when the
mixed boundary-layer air is warmer than its environ-
ment after it is raised to the lifting condensation level
and warmed by a temperature perturbation being pro-
portional to w'/3, where w is the grid-scale vertical ve-
locity. The air parcel accelerates upward as long as it
is buoyant; it entrains environmental air while moving
upward and detrains condensate after reaching the
equilibrium level. Moist downdrafts behave in a way
similar to updrafts, except that they are initiated at the
level of free sink, which is often the level with the min-
imum equivalent potential temperature (see Fritsch
and Chappell 1980). The inclusion of moist downdrafts
has been shown to be essential in reproducing many
important meso-g-scale structures of MCSs, particu-
larly for those that occurred within weak gradient en-
vironments (Zhang and Fritsch 1988; Zhang and Gao
1989).

The resolvable-scale moist physics scheme used
follows that described in Hsie et al. (1984), Zhang
(1989), and Dudhia (1989). This scheme treats
cloud water (ice) and rainwater (snow) as prognostic
variables. Thus, two additional equations are solved
and the equations for specific humidity and temper-
ature are modified to account for the effects of all
diabatic processes. They include (i) virtual temper-
ature in the ideal gas law, (ii) water loading in the
hydrostatic equation, (iii) condensation/evapora-
tion, freezing /melting, and sublimation /deposition
of condensate, (iv) autoconversion and accretion of
cloud water/ice into rainwater/snow, and (v) fallout
of rainwater/snow. A simple and economic strategy
is adopted to treat cloud water/ice and rainwater/
snow, in which the solid phases are allowed to exist
at levels with temperature less than 0°C and the lig-
uid phases (i.e., cloud water and rainwater) at tem-
perature above 0°C.

¢. Initialization procedures

As in other national centers (e.g., Mills and Seaman
1990; DiMego et al. 1992), CMC has recently imple-
mented a regional data assimilation spinup cycle to
replace the previous global analysis system for initial-
izing the RFE model (Chouinard et al. 1994). Apart
from providing higher-resolution initial conditions, this



160

WEATHER AND FORECASTING

VOLUME 9
25 km A=1.134 (141 x 125)
K\\\\ F’)W
Pl
\\7[\\2’_1 M J% ‘( ’_//”/)< N %‘\
| i i = N -
miiill %
U
‘ ne PN
i / a
100 / / S L= O 4 ;%
o / AR S a4 -
<t f / | Y X X Il
: ] i . ) & \\ \"{I =
1 —F ! : % ;:
< 80 — : = 5 2o
,lt‘ Vi H a \‘\ ;3'1
Z ] A 4
= =
60 =
— \'\\
i g \\\
7 AN
40 == ==
/ ! 5
7 a I}\ D X “\\\ ——~
/ E— e e
Ta I N ~\ R
: O i O
20 7 ) g >
/ N 4
/ ] \
20 40 60 80 100 120
A=1.14

FIG. 1. Portion of the 141 X 125 hemispheric variable grid mesh projected on a polar stereographic plane. The heavy rectangle indicates
uniform high resolution of 25 km with the grid size increasing by the constant factors 1.134 northward, 1.142 eastward, 1.140 southward,

and 1.145 westward.

assimilation system provides dynamically balanced
fields to reduce initial moisture and precipitation
spinup problems. However, this regional analysis sys-
tem was not readily available for the present study, so
a simple procedure, described in the following, was
adopted to obtain better initial conditions. The RFE
model is initialized at 1200 UTC 10 June 1985 with a
blend of initial conditions from the CMC archived
analysis and the limited-area PSU/NCAR analysis used
by ZGP. Specifically, the initialization procedure begins
by interpolating the archived CMC objective analysis
from low resolution (the resolution was around 300
km at that time) to the variable resolution grid mesh.
To add mesoscale details to the CMC analysis, the ini-
tial conditions used by ZGP are employed to enhance
the analysis over a limited area covering most of North
America. The ZGP initial conditions are obtained using
the PSU/NCAR analysis package. This analysis essen-

tially uses the NMC global analysis as first-guess fields,
which are enhanced with the standard rawinsonde ob-
servations over North America using a Cressman-type
objective analysis technique (Benjamin and Seaman
1985). The high-resolution fields resulting from this
analysis over a limited area are then incorporated into
the CMC analysis by a Cressman (1959) analysis and
will be referred to as the enhanced analysis (to contrast
with the original CMC analysis). No balancing between
mass and wind field is done; only the vertically inte-
grated divergence is removed from the wind fields to
minimize the noise early in the model integration. No
further initialization procedure is performed for the
present study. Note that only conventional data are
used in the procedures described above, since the PRE-
STORM network did not collect supplementary data
until 2100 UTC 10 June when the squall line developed
and began to move into the network.
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3. Model verification

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

Figure 3 compares the model-predicted sea level
pressure, surface temperature, and accumulated rainfall
distribution to the mesoscale analysis by Johnson and
Hamilton (1988, hereafter referred to as JH). The JH
analysis shows that the squall line was initiated around
2100 UTC 10 June ahead of the surface cold front.
Then, the squall line intensified rapidly as it propagated
southeastward into the network. At 0000 UTC (Fig.
3a), the squall gust front intersected a weak outflow
boundary associated with the decaying MCS in eastern
Kansas. The squall system entered its mature stage at
0300 UTC (Fig. 3b). Its surface pressure distribution
is characterized by a presquall mesolow, a mesohigh,
and a wake low. By 0600 UTC, the squall line began
to dissipate as it was about to move out of the network
(Fig. 3¢). A mesohigh and two wake lows were quite
evident in the JH analysis. The passage of the squall
system during its life cycle has also been well captured
by rawinsondes, conventional and Doppler radars, and
wind profilers (see JH; Rutledge et al. 1988; Biggerstaff
and Houze 1991a,b).

Although the RFE model was initialized with con-
ventional observations, it reproduces very well many
observed mesoscale details of the event. First, the model
predicts reasonably the initiation of the squall line at
ncarly the right time and location, and it also captures
the dissipating MCS over eastern Kansas and Okla-
homa during the initial hours (not shown). At 0000
UTC (Fig. 3d), the predicted squall position and the
outflow boundary associated with the decaying MCS
conform reasonably well to that observed. Second, as
the system moves southeastward and enters the mature
stage, the model reproduces the presquall mesolow,
mesohighs, and wake lows (Figs. 3e, f' ). The orientation
and propagation of the squall line also compares fa-
vorably to the JH analysis. Third, the RFE model pre-
dicts a temperature gradient of about 6°C across the
squall line, which agrees with the 5°-8°C values ana-
lyzed by JH. Note that the arc-shaped portion of the
squall line is also well depicted by the forecast. These
results are very encouraging, particularly when consid-
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FIG. 2. Enhanced initial conditions at 1200 UTC 10 June 1985.
(a) 700-mb geopotential height (solid, every 3 dam) and temperature
(dashed, every 5°C); (b) surface relative humidity (dashed, every
10%), surface wind vectors, and sea level pressure (solid, every 2
mb). Different shadings are used to indicate values of relative hu-
midity greater than 70%, 80%, and 90%.

ering that all these meso-3-scale features are generated
from initial conditions using only conventional data.
The results suggest that the boundary layer, the con-
vective parameterization scheme, and the explicit
moisture physics used in the model are realistic enough
to reproduce the evolution of the squall system.

The realistic prediction of the squall system is further
evidenced by the evolution of resolvable-scale and pa-
rameterized rainfall rates (see Figs. 3g-i1). The distri-
bution and orientation resembie the radar reflectivity
analysis (Fig. 4) by Rutledge et al. (1988) and the
composite radar reflectivity constructed by Biggerstaff
and Houze (1991a). Specifically, the model handles
reasonably well two different types of precipitation
mechanisms, namely, a line of (parameterized or im-
plicit) convective precipitation that is trailed by a zone
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FIG. 3. The upper panel shows surface mesoanalyses from Johnson and Hamilton (1988) at (a) 0000 UTC, (b) 0300 UTC, and (¢) 0600
UTC 11 June 1985. Dashed double-dot lines indicate outflow boundaries. Pressures are converted to 518 m: units are in Hg—for example,
85 = 29.85 in Hg (note that | in Hg = 33.9 mb). Wind speeds are denoted with a full barb equal to 5 m s7!. The middle panel shows the
predicted sea level pressure (solid, every 1| mb) and surface temperature (dashed, every 2°C) from (d) 12-h, (e) 15-h, and (f) 18-h control
integration. The lower panel shows the predicted grid-scale (dashed) and convective (shaded) rainfall rates with contours denoting 1, 5, 10,
and 20 mm h~' valid at (g) 0000, (h) 0300, and (i) 0600 UTC 11 June 1985. The predicted sounding at point S is given in Fig. 7, and
vertical profiles of 8, ahead and behind the line (points A and B) are shown in Fig. 10.

of (resolvable or explicit) stratiform precipitation. The It is interesting to note that the model produces one
magnitude of the stratiform precipitation increases with convective rainfall maximum to the south and another
time and reaches its maximum extent near 0600 UTC.  one to the north along the leading line during the ma-
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0600

F1G. 4. Radar reflectivity analysis at 0600 UTC 11 June 1985
(from Rutledge et al. 1988).

ture and decaying stages, with two corresponding rain-
fall maxima in the trailing stratiform region. Between
these two types of rainfall maxima there is a zone of
weaker precipitation called the “transition zone”
(Smull and Houze 1985). According to Biggerstaff and
Houze (1991a), the enhanced stratiform precipitation
resulted from a cooperative process in which precipi-
tation-sized particles are supplied by the convective
portions ahead and increased by condensation /depo-
sitional growth in the strong mesoscale ascent (see their
Fig. 15).

Figure 5 compares the predicted accumulation of
precipitation to the JH analysis. In general, the distri-
bution and amount compare favorably with that ob-
served. For example, the model predicts 2 maximum
of more than 60 mm of total precipitation in the
northern part of the PRE-STORM network, of which
the implicit (or FC) scheme accounts for 60% of the
total production. The explicit scheme also produces a
significant fraction of precipitation associated with the
squall system, with two maxima located near the major
wake lows. Note that the predicted grid-scale precipi-
tation is larger than the analyzed. This appears to be
due to the use of different procedures to partition total
precipitation into convective and stratiform compo-
nents. The observational analysis of precipitation in
JH is based on the magnitude of relative rainfall rates
(i.e., a rainfall rate of <5 mm h™! is defined as “strat-
iform”; otherwise defined as “convective”), whereas
the modeled grid-scale precipitation is generated by
grid-box (25 km X 25 km) saturation, in which some
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portion could be treated as “convective.” Therefore,
the predicted stratiform rainfall accounts for roughly
45% of the total accumulations, as compared to 29%
analyzed by JH.

Of further importance for this integration is the
model’s capability to predict other important meso-3-
scale elements (see Fig. 6). Specifically, it is encour-
aging that the model reproduces remarkably well an
overturning updraft along the leading line, a front-to-
rear (FTR ) ascending flow extending from the bound-
ary layer ahead of the system to the trailing stratiform
region near the tropopause, and a rear-to-front (RTF)
descending flow beneath the stratiform clouds. Note
how the area of grid-box saturation and precipitable
water content expands rearward as the system evolves.
By 0600 UTC, a stratiform region of 300 km in width
has formed behind the convective line, with the cor-
responding internal circulations tilting upshear. This
upshear tilt is a typical characteristic of squall systems
at the decaying stage (Rotunno et al. 1988). Zhang
and Gao (1989) have demonstrated that these circu-
lation structures can be realistically reproduced mainly
because of the use of a coupled explicit-convective pa-
rameterization package that includes the effects of
moist downdrafts. This point will be further shown in
the next section. Specifically, with an explicit moisture
scheme, condensate is generated in and allowed to
move with the FTR ascending flow. As condensate falls
into a subsaturated column, grid-scale downdrafts
could be induced by cooling from sublimation, melting,
and evaporation. As a result of the latent heating and
cooling occurring at different locations, various internal
structures of the squall system can be induced. In the
present case, whether or not the RTF descending flow
can be well generated determines the development of
other meso-G-scale elements within the squall system
(Zhang and Gao 1989; Zhang 1992). As shown in Fig.
6b, the descending flow is most intense along the in-
terface between the leading edge of a dry pocket and
the stratiform cloud boundary, thus corresponding to
more pronounced cooling by sublimation, melting, and
evaporation. Toward the rear, less precipitable water
is available for evaporation, so adiabatic warming ex-
ceeds diabatic cooling, which gives rise to an onion-
shaped sounding near the center of a wake low (see
Fig. 7). This process is also responsible for the gener-
ation of surface wake lows (see discussions in JH and
ZGP). The role of cold outflow (Figs. 3d-f) in helping
to trigger new convection ahead of the leading line is
also evident from Fig. 6b.

4. Sensitivity experiments

After documenting in the preceding section the re-
markable agreement between the predicted and the
observed events, it is now possible to use that forecast
as a control run to assess the relative importance of
various processes in obtaining the successful prediction.
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Total

Convective

Stratiform

F1G. 5. The upper panel shows the observed accumulated rainfall amount (every 10 mm) analyzed for (a) entire squall system, (b)
convective portion, and (¢) stratiform portion (from Johnson and Hamilton 1988). The lower panel shows the predicted rainfall amount
(every 10 mm) between 2100 UTC 10 June and 1200 UTC 11 June 1985 for (d) total precipitation, (e) convective portion, and (f) grid-

scale portion.

This can be done by determining the sensitivity of the
model solution to changes in certain parameters while
holding all other parameters identical to those in the
control run. Four sensitivity experiments are conducted
to test the effects of different parameterization schemes
for condensation and the impact of the initial condi-
tions (see Table 2). The impacts of evaporation, ice
microphysics, parameterized moist downdrafts, and
water loading have been investigated by Zhang and
Gao (1989), and the effects of using the Arakawa-
Schubert (1974) convective scheme has been tested by
Grell (1993), both with the PSU/NCAR Mesoscale
Model.

a. The moist convective adjustment scheme (MCA)

Due to its attractive simplicity, the moist convective
adjustment (MCA ) scheme introduced by Manabe et

al. (1965) to handle convective precipitation has been
widely used in large-scale models (e.g., Kurihara 1973;
Krishnamurti et al. 1980) and, until recently, in the
operational RFE model. In this scheme, vertical ad-
justment of temperature and moisture takes place only
for the part of the sounding for which the relative hu-
midity and the lapse rate exceeds 90% and the moist
adiabatic lapse rate, respectively. Thus, the purpose of
this experiment is to examine the performance of the
RFE model in predicting the 10-11 June 1985 squall
events when the FC implicit scheme is replaced by an
MCA-type scheme. .

~ Despite the simplicity of the MCA scheme, the
model reproduces a line of intense precipitation that
propagates southeastward across the network (see Fig.
8). However, there are several deficiencies with the
integration. First, the squall line is initiated around
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FI1G. 6. Vertical cross section of relative humidity (solid lines, every
10%) and precipitable water boundaries (>1 g kg !, dashed lines),
superposed with relative flow vectors normal to the squall line at (a)
0000 UTC and (b) 0600 UTC 11 Junc 1985. The cross sections are
taken along lines given in Figs. 3g,i.

0000 UTC 11 June, which is 3 h later than that in the
control run. This delay appears to be related to the
initial model spinup problem in which a critical relative
humidity value has to be reached before allowing ver-
tical adjustment, whereas in the control run the acti-
vation of the FC scheme does not require such a con-
dition to be met. This 3-h delay also accounts for the
lag of the predicted squall system in the MCA run.
Second, the squall system displays an east-west ori-
entation, as compared to the actual northeast-south-
west orientation of the system (cf. Figs. 4 and 8). This
could also be attributed to the basic assumption in-
volved in the MCA scheme. Specifically, because of
the relatively moist atmosphere over central and eastern
Kansas, the convective adjustment and the associated
forcing take place earlier than that to the west. This
can be seen from the more extensive parameterized
and explicit rainfall over the region (see Fig. 8a). Third,
the MCA integration produces a wider convective re-
gion and a more extensive area of stratiform rainfall,
as compared to the control run. In particular, a large
area of these two rainfall regimes is overlapped, indi-
cating that much of the explicit heating occurs under
convectively unstable conditions. As a resuit, strong
upward motion (>1 m s™') has developed in the con-
vective region (not shown).

Figure 9 shows the distribution of sea level pressure
and surface temperature from 18-h prediction using
the MCA scheme. Clearly, the scheme could produce
low-level ¢ooling in the lower layers that leads to the
generation of strong temperature and pressure gradients
across the squall system. However, the model when
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using the MCA fails to reproduce the mesohighs as-
sociated with cold downdrafts (parameterized and re-
solvable-scale) and wake lows associated with de-
scending rear inflow, even though a significant amount
of precipitable water is available behind the convective
line. This appears to be attributable to the lack of strong
grid-scale cooling. In particular, as suggested by the
extensive area of explicit precipitation given in Figs.
8a—c, the atmosphere behind the convective region is
saturated throughout the troposphere (not shown), so
very weak grid-scale sublimation and evaporation oc-
cur. Zhang and Gao (1989) showed that the grid-scale
cooling is instrumental in generating the intense de-
scending rear inflow and surface pressure perturbations.

To gain further insight into the role of different con-
vective schemes in stabilizing a vertical column, Fig.
10 displays vertical profiles of equivalent potential
temperature (f.) that are taken ahead of and behind
the squall system. It is obvious that the FC scheme
removes efficiently almost all of the CAPE by heating /
moistening the upper troposphere and cooling/drying
the lower troposphere. In contrast, the MCA scheme
produces a deep layer of substantial cooling and drying
in the lower half-portion of the atmosphere, but it
hardly affects the 6, profile aloft. Apparently, this is
because the vertical adjustment scheme acts only locally
and it could not penetrate into the potentially stable
layers in the upper troposphere. As a result, the vertical
stabilization is not as complete as that in the control
run.

b. The Kuo scheme (KUO)

The RFE model physics contains, as an option, the
Kuo (1974) cumulus parameterization scheme (see
Mailhot et al. 1989) that includes a simplified descrip-
tion of microphysical processes, such as evaporation
of precipitation, formation of liquid/solid precipita-
tion, and freezing /melting of precipitation phases. The
Kuo scheme is activated when the column-integrated
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FIG. 7. Predicted sounding near the center of the southern wake
low, valid at 0300 UTC 11 June 1985. (See point S in Fig. 3h for
the location.)
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TABLE 2. Experimental design.

Experiment Implicit scheme Explicit scheme Initial conditions
CONTROL Fritsch-Chappell Explicit moisture scheme Enhanced analysis
MCA Moist convective adjustment Explicit moisture scheme Enhanced analysis
KUO Kuo Explicit moisture scheme Enhanced analysis
SES Fritsch-Chappell Simple supersaturation removal Enhanced analysis
CMC Fritsch-Chappell Explicit moisture scheme CMC analysis

moisture convergence exceeds a critical value and the
sounding becomes conditionally unstable. Then a
fraction (b) of total moisture convergence is stored and
acts to increase the humidity of the column while the
remaining fraction (1 — b) is condensed and precipi-
tated. Since the Kuo type of convective scheme has
been widely used for meso-a-scale or larger-scale sim-
ulations of extratropical cyclones, polar lows and
MCSs, and also for a number of operational models
(e.g., in the Nested-Grid Model at NMC and in the

current 50-km version of the operational RFE model-

at CMC), the purpose of this experiment is to deter-
mine if it is capable of reproducing the observed meso-
B-scale structures as well as quantitative precipitation
associated with the 10-11 June 1985 squall line.

Unlike that with the MCA scheme, the model with
the Kuo and explicit moisture schemes is able to initiate
the squall line at nearly the right time and location (see
Fig. 11). When a grid size of 50 km is used, however,
the squall line is not initiated until 0000 UTC (not
shown). This 3-h delay is a typical spinup problem
associated with coarse-resolution models. Thus, the
right timing and location in the current run indicate
that the 25-km grid size is appropriate for examining
the effects of various model physical processes on the
subsequent evolution of the squall system.

While the RFE model with the Kuo scheme predicts
reasonably the incipient stage of the squall system, it
cannot cause the system to propagate as fast as the
observed and the control run. By 0600 UTC, the sim-
ulated squall line lags at least 150 km behind. This

slowness is again attributable to the lack of cold down-
drafts in the Kuo scheme, since downdrafts are im-
portant dynamics in the movement of squall lines. Of
further significance is that grid-scale precipitation is
almost absent throughout the 18-h integration. Ob-
viously, there are two possible reasons for this problem:
(1) the convectively induced vertical circulation may
be too weak to bring enough moisture upward for trig-
gering grid-box saturation, or (ii) the Kuo scheme may
remove too much moisture in a vertical column (i.e.,
a small “b” parameter), especially in the lower layers.
The first possibility is not likely the case after comparing
Figs. 3 and 11, for the Kuo scheme run produces greater
convective precipitation rates along the leading line
during the formative stage than that with the FC
scheme. The maximum rainfall rates, generated to the
north of the leading line, are of the order of 30 mm h ™!,
which is equivalent to an average heating rate of
7.5°C h ™! throughout a vertical column. A comparison
of the vertical 8, profiles ahead of and behind the con-
vective line indicates that the second possibility is most
likely the case. Specifically, Fig. 10 shows that the Kuo
scheme reduces substantially the magnitude of 8, in
the lower troposphere after the passage of the line, with
little change occurring higher up. This reduction is
mainly caused by a decrease in moisture content, since
the Kuo scheme does not contain the cooling effect
associated with moist downdrafts (also see Fig. 12).
On average, the “b” parameter is of the order of 5%—
15%. The greatest reduction of 8, occurs in the lowest
layer where ample moisture is stored. This suggests that

2 =

FIG. 8. As in Figs. 3g-i but for experiment MCA (moist convective adjustment).
The letters “C” and “D” denote the locations of 8, profiles shown in Fig. 10.
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F1G. 9. As in Fig. 3f but for experiment MCA (moist convective
adjustment). Note that the isobars are drawn every 2 mb.

the convective drying could be excessive in the bound-
ary layer, so the grid-box saturation and grid-scale latent
heat release are significantly delayed (Zhang et al.
1988). In the present case, this delay is further aggra-
vated due to the absence of strong larger-scale forcing.
By comparison, the FC scheme produces a marginally
stable 8, profile within a deep layer, although it has
also removed a similar amount of 4, in the lowest layer.
However, the removed amount of 6, by the FC scheme
results from a combination of cooling and drying as-
sociated with moist downdrafts.

Because of the lack of downdraft cooling in the Kuo
scheme and because of the negligible effect of grid-scale
latent heat release in the present run, the model fails
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FI1G. 11. As in Figs. 3g-i but for experiment KUO. The letters “E”
and “F” denote the locations of 6, profiles shown in Fig. 10.

to produce significant surface pressure perturbations,
such as mesohighs, wake lows, and cold outflow
boundaries (Fig. 12). The elongated pressure trough
ahead of the convective line is just a part of the surface
frontal system; it can be traced back to the low pressure
zone at the model initial time (see Fig. 2b). Similarly,
without the downdraft cooling, the model is unable to
reproduce the basic internal circulations of the squall
system, as shown in Fig. 13b. Apparently, the rear in-
flow stays elevated as a consequence of little condensate
available for evaporation. A well-organized FTR as-
cending flow does not develop, because the Kuo scheme
fails to induce strong mass perturbations in the mid-
troposphere and upper troposphere, as can also be seen
from Fig. 10. The less significant role of the grid-scale
latent heat release is also part of the reason. The results
suggest that the Kuo scheme may be only suitable for
predicting the timing and location of convective ini-
tiation, or the incipient organization of MCSs, but not
appropriate for predicting the associated precipitation
systems at the mature stage. In contrast, in the control
run, the FC scheme tends to efficiently stabilize poten-
tially unstable columns along the leading line and leave
behind nearly saturated conditions, and then the ex-
plicit scheme takes over to generate latent heating in

CTR MCA KUO
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FI1G. 10. Predicted equivalent potential temperature (6,) profiles taken ahead of and behind the leading convective line from 15-h integrations
for (a) control run (see Fig. 3h for the locations), (b) experiment MCA (see Fig. 8a), and (c) experiment KUO (see Fig. 11b).
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F1G. 12. As in Fig. 3f but for experiment KUO.

the FTR ascending flow and diabatic cooling in the
RTF descending flow, thereby leading to the devel-
opment of a well-organized slantwise circulation in the
stratiform region. Such a slantwise circulation is in-
strumental in the production of stratiform precipita-
tion, based on the analysis of moist potential vorticity
by Zhang and Cho (1992).

¢. Simple explicit scheme (SES)

After examining the model’s sensitivity to different
convective parameterization schemes, it is natural to
evaluate the effect of the explicit moisture scheme, since
Zhang et al. (1988) and Molinari and Dudek (1992)
have emphasized the importance of coupling the pa-
rameterized with explicit convective processes in sim-
ulating the internal structure and evolution of MCSs.
For this purpose, the prognostic explicit moisture
scheme in the control run is replaced by the simple
grid-box supersaturation removal scheme described in
Mailhot et al. (1989), while subgrid-scale convective
processes are still represented with the FC scheme.

It is apparent from Figs. 14 and 15 that use of the
simple supersaturation removal scheme produces much
less significant changes on the simulation of surface
features, as compared to those with different convective
parameterization schemes. For example, the orienta-
tion and propagation of the leading convection, as well
as convective rainfall, are only slightly affected (cf. Figs.
3, 14, and 15), since they are mainly determined by
parameterized moist downdrafts. More notable differ-
ences appear to the rear of the system. Specifically, the
mesohighs and wake lows are significantly weaker and
the extent of convectively generated pressure distur-
bances is much smaller than those in the control run.
Because condensate is not allowed to move around,
localized grid-scale precipitation develops over some
regions. It is interesting that the model still produces
reasonably the distribution of grid-scale precipitation
that lags behind the parameterized convective precip-
itation, although the trailing stratiform region is rela-
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tively narrower. This phase lag appears to be deter-
mined by the squall’s internal circulations. Obviously,
the development of trailing grid-scale precipitation re-
quires the presence of an FTR ascending flow that can
generate and transport a sufficient amount of saturated
air mass rearward (Zhang and Cho 1992). Momentum
budgets by Gao et al. (1990) indicate that this type of
FTR flow develops as a result of convectively generated
mesohigh pressures aloft along the leading line, which
are in turn determined by the convective heating and
moistening. This process also helps explain why the
Kuo scheme fails to induce the FTR flow, since it pro-
duces little changes of 6, in the upper levels (cf. Figs.
10a,c).

While use of the supersaturation removal scheme
only minimally affects the distribution and amount of
surface precipitation, it has important dynamic impacts
on the organization of the squall line’s internal circu-
lation. In particular, the lack of sublimative melting
and evaporative cooling as well as condensate advec-
tion, owing to the instantaneous removal of conden-

Pressure (mb)

Pressure (mb)

Pressure (mb)

950.

10Pass 1,

ll_oﬂ(.r.n—l 10 m/s

FI1G. 13. Vertical cross sections of equivalent potential temperature
(8., every 5 K) superposed with relative flow vectors normal to the
squall line from 15-h integration for (a) control run (see Fig. 3h for
the location), (b) KUO (see Fig. 11b), and (c) SES (see Fig. 14b).
The H’s and L’s refer to the thermal maxima and minima.
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(a) 0000 UTC (b) 0300 UTC

(c) 0800 UTC

FiG. 14. As in Figs. 3g-i but for experiment SES.

sate, causes the RTF flow to stay elevated. The absence
of strong descending rear inflow then leads to the gen-
eration of weak wake lows and a less evident arc-shaped
structure of the leading line (cf. Figs. 3 and 14). Fur-
thermore, a slantwise FTR ascending flow, present in
the control run, never develops in the SES simulation
(Weisman 1992). In the present case, horizontal vor-
ticity associated with the FTR inflow appears to be
balanced by that of the RTF inflow such that the up-
drafts along the leading line remain erect during most
of the system’s life cycle (cf. Figs. 13a,c). Overall, the
squall line’s circulation is much weaker than that in
the control run. Since the vertical thermal structures
along the leading line are nearly identical between the
control run and experiment SES, the absence of the
sloping flow limits the rearward transport of high-6,
air from the boundary layer, which is crucial in the
generation of trailing stratiform precipitation.

d. No enhanced analysis (CMC)

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

FIG. 15. As in Fig. 3f but for experiment SES.

ditions tend to miss certain important mesoscale de-
tails, particularly those that may be marginally resolved.
For the present case, the CMC analysis produces a
much weaker short-wave trough in the midtroposphere
(Fig. 16a), a stronger northerly flow behind the surface
front, and a slightly drier southerly flow over the PRE-
STORM network, as compared to the enhanced anal-
ysis used for the control run. In addition, the location
and orientation of the surface front as well as the ro-
tational flow structure differ substantially from those
in the high-resolution surface observations (cf. Figs. 2b
and 16b). Thus, the purpose of this experiment is to
examine the sensitivity of the predicted squall system
to the use of different initial conditions. In particular,
we wish to see how the intensity of the midlevel short
wave and the distribution of the surface frontal system
would affect the organization of the squall system.
With the CMC analysis as initial conditions, the
model fails to reproduce the decaying MCS that oc-
curred over the network during the initial few integra-
tion hours (not shown), although this system has little
impact on the later development of the squall line (see
ZGP). As expected, the squall line convection is ini-
tiated a couple of hours later than in the control run;
this is again a typical spinup problem. Consequently,
the organization of the squall line’s circulation is de-
layed. Nevertheless, the model simulates well the ori-
entation and propagation of the squall line and its as-
sociated convective and grid-scale precipitation after
its initiation (see Figs. 17 and 18), except that its lo-
cation at 0600 UTC lags 150 km behind the observed.
Vertical cross sections (not shown) indicate that the
model also reproduces the RTF descending and the
FTR ascending flow, as evidenced by the predicted
presquall mesolows, meschighs, and wake lows in Fig.
18, but their intensity is much weaker than that in the
control run. The results indicate that frontogenesis
processes would sooner or later produce organized ver-
tical circulations (Holton 1979) that are favorable for
the development of MCSs, as long as the initial con-
ditions contain reasonable magnitudes of baroclinicity.
In the present case, cold advection behind the short-
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FIG. 16. As in Fig. 2 but from the CMC analysis
without data enhancement.

wave trough appears to play an important role in as-
sisting the initial spinup of vertical circulations.
Perhaps one of the most pronounced problems with
this forecast is the appearance of a strong low pressure
center over southeastern Nebraska. This feature can
be traced back to the low pressure at the Colorado-
Wyoming—Nebraska border at the initial time (cf. Figs.
2b and 16b). As can be visualized from Fig. 16, the
strong cyclonic flow in combination with the pressure
pattern has a strong resemblance to a typical extra-
tropical cyclone with the squall line as the cold front
part. The squall line forms along the north~south-ori-
ented surface front and moves east with the “cyclone”
system. In contrast, with the enhanced initial condi-
tions, the low pressure center at the Colorado-Wyo-
ming border is just a part of the frontal system and is
pushed southeast by the cold air behind it. Thus, the
low pressure in the control run evolves into an elon-
gated presquall mesolow once the squall line becomes
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FIG. 17. As in Fig. 3i but for experiment CMC.

organized ahead of the surface front (Figs. 3d-f). In
this regard, it is essential to have better-defined me-
soscale details, such as baroclinic zones, moist tongues,
and convergence zones in the initial conditions in order
to obtain more realistic prediction of MCSs and larger-
scale environments. Some recent studies have shown
that model initial conditions can be readily improved
if a regional data assimilation system can be developed
to include all available observations (e.g., Miller and
Benjamin 1992; Chouinard et al. 1994).

5. Summary and conclusions

In this study, an improved version of the operational
Canadian regional finite-element (RFE) model has
been used with a fine-mesh grid size of 25 km to ex-
amine the feasibility of operational prediction of an
intense squall line that occurred during 10-11 June
1985. The model has been tested with different types
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F1G. 18. As in Fig. 3f but for experiment CMC.
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of condensation schemes and initial conditions. The
study demonstrates the potential for the operational
model to improve quantitative precipitation forecasts
and severe weather warnings if realistic model physics,
reasonable initial conditions, and high resolution are
used. The most important conclusions of this study are
briefly summarized in the following.

¢ In addition to focusing on smaller horizontal grid
size, which will likely improve the timing and location
of convective initiation, equal attention must be paid
to improving the explicit moist physics and cumulus
parameterizations used if one wants to better reproduce
various types of meso-8-scale circulations and their as-
sociated precipitation, particularly for MCSs that de-
velop in weak-gradient environments.

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

e When either the MCA or the Kuo scheme is in-
corporated, the model reproduces well the line structure
of convective precipitation associated with the squall
system. However, both schemes are unable to repro-
duce the observed internal flow structures of the system,
as well as the associated surface pressure and thermal
perturbations at the mature and decaying stages, owing
partly to the lack of moist downdrafts. In addition,
because of their inherent assumptions, the MCA
scheme tends to delay the initiation of deep convection,
while the Kuo scheme tends to remove too much
moisture from the boundary layer such that the grid-
scale precipitation is significantly underestimated.
Thus, these two schemes do not appear to be suitable
for being used to predict the internal structure and
evolution of MCSs and their associated precipitation
cvents,

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

It is important to point out that some of the above
conclusions were obtained from a single case study,
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while others have been supported by previous numer-
ical studies of summertime MCSs (e.g., Zhang and
Fritsch 1988; Zhang et al. 1988; Zhang and Gao 1989).
Whether or not they are valid for a wide range of cir-
cumstances needs to be tested with additional numer-
ical studies of other MCSs. It should also be kept in
mind that all the model results presented in this study
were produced using a horizontal resolution of 25 km,
which is higher than the one typically used in current
operational models. Whether or not the preceding
conclusions hold with a horizontal resolution of 40—
50 km still needs to be verified. The research along this
line is currently under way at the Montreal mesoscale
community with a view to help improve operational
forecasts of MCSs and their associated quantitative
precipitation.
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