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Summary

Three-dimensional numerical model simulations of a meso-
scale convective system are performed to evaluate the
sensitivity of the simulations to differences in the convective
trigger function. The Penn State/NCAR mesoscale model
with the Kain-Fritsch convective parameterization scheme
is used as the modeling system for the study. All simulations
are performed on the June 10-11, 1985 squall line from the
OK PRE-STORM field experiment. Individual simulations
differ only in their specification of the trigger function within
the Kain-Fritsch scheme. Comparison of results from 12 hour
simulations indicates that the position, timing, and intensity
of convective activity and mesoscale features vary substantially
as a function of the trigger function formulation. The results
suggest that the convective trigger function is an integral
part of the overall convective parameterization problem, and
that great care must be exercised is designing realistic trigger
function formulations, especially as model resolutions ap-
proach the scale of individual convective clouds.

1. Intreduction

Convective parameterization is an important and
well known problem that has confronted -the
numerical modeling community for many years.
Early convective parameterization theories and
procedures were designed for synoptic and global
scale models in which the grid elements were so
large (e.g., AX ~ 500km) that they encompassed
entire mesoscale convective systems. For such
coarse resolution, it was impossible and unneces-

sary to know the location and configuration of
active convective cells that comprised mesoscale
convective systems. Consequently, convective
parameterization techniques typically relied on
empirically-based relaticnships between observed
larger-scale processes and convective activity to
predict when and where convection should occur.
Forexample, some parameterizations were designed
to initiate convection when a threshold value of
mass or moisture convergence was exceeded at a
grid point where the atmosphere was conditionally
unstable (e.g., Kuo, 1974). Others operated under
the assumption of a state of “quasi-equilibrium”
between convective scale and larger scale proces-
ses so that they initiated convection when the
model atmosphere tended to deviate too far from
some assumed or calculated equilibrium state (e.g.,
Arakawa and Schubert, 1974 [ AS]).

More recent models have much finer resolution
(e.g., AX ~ 25km) and explicitly simulate many
of the mesoscale features that can play a major
role in determining when and where convection
will occur. Conceptually then, they are capable of
resolving much more accurately the locations of
convective activity. However, because parameters
such as grid-scale convergence and destabilization
rate are governed by different dynamical con-
straints on these scales, and because there is a
dearth of supporting observational evidence on
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these scales, it is not clear that larger scale relation-
ships between resolvable scale dynamical processes
and convective activity are sufficient predictors of
deep convection at these grid resolutions. FFor this
reason, when parameterization closures based on
larger scale dynamical tendencies are used in
mesoscale models, additional criteria are often
imposed in evaluating the potential for convective
initiation.

These criteria are usually designed to reflect
some measure of the accessibility of potential
buoyant energy, or the probability of parcels
reaching their level of free convection (LFC) in a
conditionally unstable atmosphere. These ad-
ditional constraints are appropriate because the
onset of deep convection in a given vertical
column is often strongly modulated by the strength
of a capping stable layer beneath the LFC. For
example, the Anthes-Kuo scheme (Anthes, 1977),
as used in the Penn State/NCAR mesoscale model,
allows convection only when the negative area for
pseudo-adiabatic ascent (on a thermodynamic dia-
gram) becomes less than the positive area; the AS
scheme, as used by Grell (1991), does not allow
convection until the lifting required for parcels to
reach their level of free convection becomes less
than some specified depth (Grell, personal com-
munication).

In some schemes designed specifically for meso-
scale models (i.e., Kreitzberg and Perkey, 1976;
Fritsch and Chappell, 1980 [FC]; Frank and
Cohen, 1985; Kain and Fritsch, 1990 [KF]), the
ability of rising parcels to reach their LFC is
estimated using parcel theory and the buoyancy
equation. In order to overcome a layer of negative
buoyancy below the LFC, air parcels must typi-
cally have some positive vertical velocity and/or
hygrothermal perturbation. The magnitude of this
perturbation can be either assigned a constant
value to be used at all grid points (as in Kreitzberg
and Perkey as well as Frank and Cohen) or related
in some way to resolvable-scale dynamical ten-
dencies (as in FC and KF). Although there is some
evidence that perturbation values can be related
to mesoscale forcing (e.g., Chen and Orville, 1980),
a firm quantitative link between the two has not
yet been established. Indeed, even numerical in-
vestigations using cloud scale (i.e. AX ~ 1-2km)
models typically rely on artificial imposition of
random hygrothermal perturbations to initiate
deep convection.

The complete set of criteria used to determine
when and where deep convection occurs in a
numerical model is collectively termed the con-
vective “trigger function”. The purpose of this
paper is explore the sensitivity of numerical
simulations of the structure and evolution of a
particular mesoscale convective system to the
specific formulation of the convective trigger
function. In the following section, the numerical
modeling system used in the sensitivity experi-
ments is briefly described and the different trigger
function formulations are presented. Section 3
describes the results of the numerical experiments,
and section 4 discusses the implications of the
results in the general context of the cumulus param-
eterization problem.

2. Methodology

Different trigger function formulations are investi-
gated by varying the convective initiation criteria
within a single convective parameterization scheme.
Sensitivities are demonstrated through fully
prognostic numerical simulations of a mesoscale
convective system.

2.1 Numerical Modeling System

The numerical model used for this study is the
Pennsylvania State University/National Center
for Atmospheric Research (PSU/NCAR) meso-
scale model (Anthes and Warner, 1978; Anthes
et al., 1987). The model configuration and physical
parameterizations are very similar to the setup
used by Zhang et al. (1989), including

— A two-way interactive nested grid (Zhanget al.,
1986) with coarse grid resolution of 75 km and
fine grid resolution of 25 km;

— Explicit prediction of precipitation processes,
including predictive equations for cloud water,
cloud ice, rain water, and snow (Zhang, 1989;
Dudhia, 1989);

— Anthesand H. L. Kuo (Anthes, 1977; Kuo 1974)
parameterization of deep convection on the
coarse grid only;

— A high resolution Blackadar (1979) planectary
boundary layer parameterization (Zhang and
Anthes, 1982; Zhang and Fritsch, 1986).

The present model physics package differs most
significantly from that of Zhang et al. (1989) in its
implicit parameterization of moist convection. The
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Fig. 1. Coarse-grid domain for numerical simulations. First
inset is the fine-grid domain, second inset indicates the area
over which the results are presented

FC convective parameterization scheme, used
only on the higher resolution grid by Zhang et al.
has been replaced by the KF scheme. Although
the KF scheme relies on the same basic closure
assumptions as FC, it utilizes more sophisticated
representations of cloud-environment interactions
and imposes rigorous constraints on mass, moi-
sture, and energy conservation, among other more
subtle differences.

The model uses a terrain-following sigma
vertical coordinate with 19 vertical levels on both
coarse and fine grids. The horizontal dimensions
of the grids are 49 x 41 for the coarse resolution
and 61 x 49 for the fine resolution. The coarse
mesh domain covers most of the continental
United States west of the Appalachians, while the
higher resolution domain covers an area near the
center of this region, as shown in Fig. 1. Also
indicated is an area in the southeastern part of the
fine mesh domain over which model results for
this study will be presented.

2.2 Trigger Function Formulations

The convective trigger function for a given
numerical model is defined by the set of criteria
used to initiate parameterized convection. For the
present study, five trigger functions were selected for
testing. Listed below are brief descriptions of the
different function formulations.

2.2.1 Original Fritsch-Chappell Trigger (FCT)

The trigger function used in the original FC scheme
is based on observational and numerical modeling
evidence that the size and strength of boundary
layer hygrotherms that act as the “roots” of
incipient convective clouds are a function of the
strength of larger-scale boundary layer conver-
gence (Bean et al., 1972, 1975; Chen and Orville,
1980). Specifically, FC related sub-grid scale
temperature perturbations (6T) to the model
resolvable scale vertical velocity (w,) at the lifting
condensation level (LCL) such that 6T ocw}’,
where 6T and w, have units of K and ms™?, res-
pectively. The current application is performed in
a manner similar to FC. Beginning with the model
layer closest to the ground, the thermodynamic
properties of adjacent layers overhead are mixed
in a mass-weighted fashion until the combined
depth of the mixture, dp,,, is at least 60 hPa (the
actual depth is a function of the depth of the indi-
vidual layers). The mixture is “lifted” to its LCL
where its temperature and pressure are calculated.
If the sum of the mixture’s LCL temperature plus
0T is greater than the grid-scale temperature at
that level, the buoyancy equation is used to estimate
whether this perturbation is strong enough to
allow the parcel to reach its LFC. If not, a similar
mixture of layers beginning with the second-lowest
layer is checked in the same way, and so on, until
a buoyant mixture is found or each layer in the
lowest 300 hPa has been tested.

2.2.2 Anthes-Kuo Type Trigger (AKT)

This trigger function is nearly identical to that
used in the Anthes-Kuo convective parameteriza-
tion as it is applied in the PSU/NCAR mesoscale
model. For a cloud to be triggered, three criteria
must be satisfied:

— Column integrated moisture convergence must
exceed a specified threshold value (default
value set at 3.0 x 10" 5kgm~2?s~ ! in the Penn
State/NCAR mesoscale model).

— The positive area below cloud top on a thermo-
dynamic diagram must be greater than the
negative area. The positive area is computed
for the mixture (dp,,) that has the highest 0,
value in the column. The highest 6, value is
determined from the resolvable scale temper-
ature and water vapor mixing ratio plus 1K
and 1 gkg ™!, respectively.



96 J. S. Kain and J. M. Fritsch

— The cloud must have a depth of at least ¢ = 0.3,

— P and P is the pressure level, P,

where 6 =

s 4

is the surface pressure, P, is the pressure at
model top.

2.2.3 Negative Area Trigger (NAT)

The NAT computes the negative area on a
thermodynamic diagram between the most un-
stable (highest 6,) model layers, dp,,,, and the LFC.
The ability of a parcel from this mixture to over-
come the negative area is estimated by assigning
a perturbation vertical velocity based on the
assumption that the resolvable-scale mass con-
vergence is concentrated over an area comparable
to the dimensions of an individual cloud. Speci-
fically, the perturbation vertical velocity, w,, of a
rising parcel is assumed to be directly proportional
to the resolvable scale vertical velocity, i.e., w, =
kw,, where k has a value on the order of about
10-100. If w, is sufficiently large to maintain
upward motion through the layer of negative
buoyancy, a cloud is initiated.

2.2.4 Lifting Depth Trigger (LDT)

This trigger is similar to the NAT in that the
difference in height (or pressure) between the most
unstable mixture, Jp,,, and its LFC is computed.
If the difference is less than some specified depth,
typically on the order of 50-250hPa, a cloud is
allowed. The significant difference between this
test and NAT is that this test is not a direct function
of instantaneous resolvable-scale tendencies.

The KF scheme becomes, in principle, quite
similar to Grell’s (1991) adaptation of the Arakawa-
Schubert scheme for mesoscale models when the
LDT is implemented. In Grell’s application, AS’s
quasi-equilibrium assumption is held in abeyance
until the lifting depth check suggests that potential
buoyant energy can become available. At this stage,
the time rate of change of the cloud work function
(the cloud work function can be thought of as a
measure of the convective available potential
energy [CAPE]) is calculated as the sum of cloud
work function at the current time step plus the
change that would be brought about by extra-
polating the current tendency over a convective
time period (typically 30 minutes), all divided by
the convective time period. Minimizing the time
rate of change of the cloud work function then

essentially amounts to eliminating the CAPE in
a column over the convective time period, which
is the fundamental closure assumption of the FC
and KF schemes. The LDT as applied in the
modified AS scheme differs primarily from the
current application in the FC scheme by requiring
both instantaneous destabilization in a column
and a minimum lifting depth for unstable layers.

2.2.5 Boundary Layer Forcing Check (BLT)

The BLT utilizes boundary layer theory (Stull,
1988) to estimate the perturbation vertical velocity
of parcels that originate in a convective boundary
layer. A mixed parcel is given a vertical velocity
equal to the free convection scaling velocity, w,,
which is a function of surface buoyancy flux and
the height of the planetary boundary layer. The

surface buoyancy flux is given by Hg w' ¢, where

6, is the virtual potential temperature, g is the
acceleration due to gravity, and the overbar indi-
cates the mean valuein a grid element. Specifically,

Zi o 13
w, =[%(w eu)] :

v

where z; is the height of the boundary layer. The
buoyancy flux and boundary layer height are
derived from the high resolution planetary bound-
ary layer parameterization. Since this type of
trigger is applicable only for parcels originating
in a well-fixed boundary layer driven by surface
heating, and since convective clouds are often fed
from elevated sources, this trigger function is used
only in combination with the FCT or NAT
formulations. As in the LDT formulation, this
type of trigger function is only indirectly related
toinstantaneous resolvable-scale dynamical forcing.

3. Results

The event selected for this study is the OK PRE-
STORM (Oklahoma-Kansas Preliminary Regional
Experiment for Stormscale Operational and
Research Meteorology; see Cunning, 1986) June
1011 1985 squall line. Initial model conditions
are identical to those used by Zhang et al. (1989)
and Zhang and Gao (1989) and are valid at 1200
UTC June 10, 1985 (Fig. 2).

A series of 12 hour simulations of this event were
performed with the only difference between the
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Fig. 2. Analysis of model initial surface conditions over the
fine-mesh domain, valid at 1200 UTC 10 June 1985 (adapted
from Zhang et al., 1989). (a) Sea-level pressure at intervals of
2hPa (solid) and temperature at intervals of 2K (dashed).
(b) Stream line (solid), and specific humidity (dashed) at inter-
vals of 2gkg ™!

runs being the trigger function formulation in
the KF scheme. Observations and analyses of the
event are also presented for comparison with
modeling results so that the credibility of the
modeling system may be established. However,
the intended emphasis in the model results that
will be shown is the variability of the solutions as
a function of different convective trigger functions
rather than a comparison with observations.

3.1 Observations

Analyses of the observations from the 9 and 12
hour times, 2100 UTC June 10 and 0000 UTC
June 11, 1985, respectively, are shown in Figs.

3a,c. These analyses show three major features of
particular interest for this case: 1) a mesolow near
the northeastern corner of the Texas Panhandle
at both times; 2) a surface cold front, extending
from near the Kansas-Nebraska border just east
of Colorado, towards the south-southeast across
the southeastern corner of Colorado at the 9 hour
time, and, at the 12 hour time, a convective outflow
boundary that has run out ahead of the front,
extending from central Kansas southwestward just
to the northwest of the mesolow, and then west-
southwestward across the Panhandle; and 3) a
surface warm front, stretching from the southern
Colorado-Kansas border south and east until it
becomes nearly parallel to the Texas border in
southern Oklahoma at the 9 hour time, and
extending nearly east to west across centeral
Oklahoma at the 12 hour time. The locations of
active deep convection at these times can be inferred
from Figs. 3b, d. The visible satellite image of the
region at the 2101 UTC (9 hour time, Fig. 3b)
shows the early stages of the the developing squall
line nearly parallel to, but apparently several tens
of kilometers out ahead of, the location of the
surface cold front (cf. Fig. 3a). Also revealed in this
image is a cloud shield associated with a decaying
mesoscale convective system (MCS) over eastern
Kansas. By 2320 UTC, a composite of the Amarillo
and Wichita digitized WSR-57 radar reflectivity
patterns (Fig. 3d)indicates a line of thunderstorms
running roughly overhead and just to the rear of
the analyzed position of the surface outflow
boundary at 0000 UTC (cf. Fig. 3¢). Also indicated
by the radar at this time are regions of apparent
convective activity in southeastern and north-
central Kansas.

3.2 Model Simulations

The results obtained using the FCT in this case
are shown in Fig. 4. At the 9 hour time, a broken
line of convection extends from northwestern
Kansas to the south-southwest and across the
northwest tip of the Texas Panhandle, consistent
with the satellite picture of Fig. 3b. Parameterized
convection is also active over west-central and
northeastern Kansas, reasonably close to the
cloudy areas shown in the satellite image. However,
in this model run, convection is active over a large
part of the Texas Panhandle, well to the south
and east of the primary mesoscale triggering
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Fig. 3. Surface mesoanalysis (a) and visible satellite image (b}
valid at 2100 UTC 10 June 1985; surface mesoanalysis valid
at 0000 UTC 11 June 1985 (c) and composite low-level echo
patterns from the AMA and ICT WSR-57 10 cm radars valid
at 2320 UTC 10 June 1985(d). Isobars are drawn for altimeter
settings: units are inches of mercury, e.g., 85 =29.85 in Hg.
For wind speed, one full barb=5ms™ !, one half barb =
2.5ms™ . In(d), the composite echo patterns were formed by
merging 1° elevation scans from these radars. Reflectivity
values are 15-25dBz, light stippling; 25-35 dBz, heavy stip-
pling; 35-50 dBz, hatching; and > 50 dBz, solid. Parts (a), (b),
and (c) are adapted from Johnson and Hamilton, 1988; part
(d) 1s from Rutledge et al., 1988. Mesoanalysis conventions
follow Young and Fritsch (1989)
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preceding the analysis

mechanism (i.e, the surface cold front). The
surface mesolow over the northern Texas Pan-
handle is 50-100km to the west of its observed
location and the mesolow positioned along the
Kansas-Colorado border, in between the convec-
tively active regions, was apparently not observed
by the convectional surface network. Note, however,

that the model-predicted position of the Kansas-
Colorado low is very near the observed intersection
point of the cold and warm fronts, a common
location for low pressure centers.

At the 12 hour time, there is only one mesolow
and its simulated position is only slightly to the
west of its observed location. However, in contrast
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to observations, new convection has broken out
along the warm front in central Oklahoma. Satel-
lite imagery (not shown) reveals building cumulus
clouds in this region, but deep convection did not
develop at this location until about four hours
later. In addition to the premature convective
development over central Oklahoma, param-
eterized convection continues to occur over the

western half of the Texas Panhandle, a considerable
distance to the south of its observed location.
Analysis of model output from earlier times indi-
cates that convection propagated into this region
during the first three hours of the simulation as
fragments of convection broke away from the MCS
over eastern Kansas and Oklahoma. Parameterized
convection was nearly continuously regenerated
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in this region during the 3—12 hour time period.
In spite of the localized inconsistencies, it is
evident that the model does well in reproducing
the main squall line structure that extends from
northeastern Kansas southwestward to the Texas
Panhandle.

Results of a simulation of this case using the
AKT, with the moisture convergence threshold set
at 3.0 x 10"*kgm~%s ™! (an order of magnitude
larger than the default value) are shown in Fig. 5.
Comparison of Figs. 4 and 5 reveals a number of
similarities between the AKT and FCT simulations.
As in the FCT run, at the 9 hour time (Figs. 5a, b),
a line of convective storms stretches from north to
south across western Kansas and into the northern
tip of the Texas Panhandle. In addition, convective
activity is occurring in a southwest-northeast
swath stretching from the Texas Panhandle
through north-central Oklahoma into central and
north-eastern Kansas. Note, however, that con-
vection is more widespread over north-central and
western Oklahoma than in the FCT run. Further-
more, the structure of the mesolow differs from the
FCT run in that the center is more diffuse and a
lobe of lower pressure extends eastward from the
mesolow center along the Kansas-Colorado border.

Three hours later in the simulation (Figs. 5¢c,d),
the central pressure and location of the main
mesolow is about the same as in the FCT run, and
convection is active over the western half of the
Texas Panhandle in each simulation. A readily
apparent difference between the two runs is that
a mesohigh-mesolow couplet with a pronounced
cold pool has developed in association with active
convection over Kansas in the AK T run, while no
such couplet is evident in the FCT simulation (or
in the observations).

A noteworthy characteristic of the execution of
the AK T in this caseis not obvious from the results
of the simulation. Specifically, the present results
differ only slightly from a simulation using the
AKT with the moisture convergence threshold set
an order of magnitude smaller. Furthermore,
periodic checks of the input parameters used by
this trigger function during the course of the
simulation revealed that, even with the relatively
high threshold value, the specified moisture con-
vergence threshold was exceeded at nearly every
grid point where moisture convergence was positive.
These results suggest that the sign of moisture
convergence was more of a controlling factor than

its magnitude, and that the negative area and
cloud depth checks in the AKT played an
important role in determining when convection
would occur at grid points where moisture con-
vergence was positive.

The simulation using the lifting depth trigger
(LDT), with maximum allowable lifting required
to reach the LFC set at 100 hPa, produces con-
siderably different mesoscale features than the FCT
and AKT runs in some areas of the domain. For
example, nine hours into the simulation (cf.
Figs. 4a, b; 5a, b; 6a, b), there is no active convection
from the Texas Panhandle northward to extreme
northwestern Kansas and no sign of squall line
development in that region. In addition, the main
mesolow center is located farther to the east. As
an apparent consequence of the absence of
convection over Colorado and the shift in the
mesolow, the winds over the region from the
Oklahoma Panhandle into west-central Kansas
have a much stronger westerly component than
in either the FCT or the AKT simulations. This
wind shift has led to the development of a relatively
strong convergence zone along the outflow
boundary in south-central Kansas. In the FCT
and AKT simulations, the flow was nearly parallel
to boundaries in that area, implying considerably
weaker convergence and convective forcing.

At the 12 hour time in the LDT simulation, the
mesolow is farther to the north and the pressure
gradient immediately surrounding the low is very
diffuse compared to the FCT and AKT simulations
(cf. Figs. 4c,d; 5¢c,d; 6¢,d). There is no convection
over extreme southwestern Kansas nor the
Oklahoma and Texas Panhandle region where the
squall line was observed. In addition, the meso-
high-mesolow couplet over Kansas appears to
have developed more slowly than in the AKT run.
Of particular interest is the fact that the area of
convection that was located in central Kansas at
the 9 hour time has propagated southwestward
into the convergence zone set up by the ambient
southwesterly flow and the moist downdraft
outflow. Clearly, the different trigger function
changed the patterns of convective development
early in this simulation, leading to nonlinear changes
in the subsequent evolution of events.

Another significant feature in this simulation
is the formation of an intense cold pool and asso-
ciated cold outflow boundary over southeastern
Colorado in the absence of parameterized deep



102 J. S. Kain and J. M. Fritsch

e

e
\
CSSNCNONON LN

\
~
SONNONON N

e R N e S N Y

11
|
\
o :\3

\

.

RARRRIARRN
NSO TR

AV VRN
SSOANN
ShoNEONCNNN

e W e S WA S N

S~
I RNUNL NG SRR R

NN

s

RRERER VRN
SN
e

N
Y,

e
s

%~

Sa™
.
[
\
=

LIS T N A B B P

il

e
T e

1

el

P S R N S S S G 4

W\

A0 Sy mar S A WL U WO RS N S 0 S U N Gl AR T A0 O Sl B A W

Fig. 6. As in Fig. 4, but using the lifting depth trigger (LDT) function

convection (and convective-scale downdrafts).
This cold pool is generated in the model entirely
through the evaporation of resolvable-scale pre-
cipitation in a very dry boundary layer. In this
case, resolvable scale precipitation is generated in
a conditionally unstable environment because the
trigger function does not allow parameterized
convection to develop. More specifically, the

thermodynamic profile in this environment is
characterized by a nearly well-mixed boundary
layer approximately 250hPa deep overlain by a
very moist conditionally unstable layer. The lowest
model layer contains the air with the highest 6,
value but this air must be lifted to the top of the
boundary layer before reaching its LFC. Since
this lifting depth exceeds the 100 hPa maximum
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Fig. 7. As in Fig. 4, but using the negative area trigger (NAT) in combination with the boundary layer trigger (BLT)

imposed in this run, parameterized convection is
not allowed and eventually saturation is achieved
on the resolvable scale as air ascends out ahead
the advancing short-wave trough.

The negative area check (NAT) trigger, with
k = 10, was used in combination with the boundary
layer check (BLT) trigger to generate the results
shown in Fig. 7. At the 9 hour time, convection is

active over most of the northeastern quadrant of
Kansas; a broken line of the convection, which
may be the early stages of a squall line, is oriented
west to east from eastern Colorado into north-
western Kansas; and a small area of convection is
active along the central Kansas-Oklahoma border.
In general however, the areal coverage of con-
vection is substantially less than in the previous
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three runs (cf. Figs. 4a, b; 5a, b; 6a,b). There is no
evidence of a mesolow in the Texas-Oklahoma
Panhandle region and no extended convective
outflow boundary in west-central and south-
central Kansas. In the absence of convective activity
over east-central Kansas, the mesoscale trough in
this region is more intense than in any of the other
three simulations. As in the LDT simulation, the
relatively weak convection along the Colorado-
Kansas border and the failure of the mesolow to
develop appear to lead to significantly stronger
westerly components in the surface winds in the
Panhandle region and across southwestern Kansas
than in the FCT or AKT simulations.

At the 12 hour time, convection is active over
much of the northeastern half of Kansas, with a
mesoscale outflow boundary running diagonally
from northwest to southeast across the state.
Again, as in the DT simulation, relatively strong
convergence has developed along this boundary.
The major mesolow is located in south-central
Kansas, not the Texas-Oklahoma Panhandle
region as in the other simulations, and sea-level-
pressure values near the mesolow center differ
from those of the other runs by as much as 5hPa.
The mesohigh that develops over south-central
Kansas in the AKT and LDT simulations has not
materialized and the squall line, although clearly
evident, is much weaker and slower than in the
FCT and AKT simulations.

4. Summary and Discussion

In general, the simulations of convectively-gene-
rated mesoscale patterns for the June 10-11 case
show considerable sensitivity to the formulation
of the trigger function in the KF parameterization
scheme. The processes associated with this sensi-
tivity appear to be quite complex and the evolution
of the coupled parameterized-resolvable scale
modeling system appears to be highly nonlinear.
However, it may be possible to explain some of
the spatial variations in the initial triggering of
convection in terms of model initial conditions,
such as horizontal variations in moisture. For
example, initial conditions are very moist over
most of Kansas and northern Oklahoma, but dry
out rapidly to the south and west (see Zhang et al.,
1989). As simulated surface insolation is applied
during the model integration, conditional in-
stability develops over a large area. However, the

amount of lifting required for parcels to reach their
LFC is considerably less over the moister regions
than over the dry ones. Consequently, those trigger
functions that incorporate some measure of the
thickness of the layer or negative area between the
incipient updraft mixture and its level of free con-
vection (i.e., the LDT and NAT formulations)
result in a dearth of parameterized convection
over the relatively dry regions. As a further con-
sequence of this tendency, the onset of convection
in association with the advancing large-scale
forcing is apparently delayed when the NAT is
used and missed entirely when the LDT is used,
introducing considerable forecast errors in these
squall line simulations. In contrast, the timing of
the squall line with the FCT and AKT formulations
appears to be much more accurate, apparently
because these triggering mechanisms are less
strongly influenced by the height difference between
the mixture and its LFC. Specifically, recall that
the FCT implicitly assumes a parcel can reach its
LCL and it checks mixed parcel buoyancy at that
level. For the AKT, the negative area near cloud
base is not likely to strongly inhibit convection in
this particular case because the positive area
happens to be so large. These results are not suf-
ficient to imply that the FCT and AKT formulations
are generally superior, however. For example, in
the present case, improved timing of the squall line
appears to have been captured at the expense of
a more cohesive structure when the AK and FC
triggers are used, since convection develops over
a significant area where it was not observed to
have occurred.

Furthermore, this simulation is sensitive not
only to the specific trigger function formulation,
but to the imposed values of functional parameters
within a given formulation as well. For example,
experiments with the AKT suggest that a par-
ticular threshold value of moisture convergence is
not likely to be generally applicable. The magni-
tude of moisture convergence in a column is almost
certainly strongly dependent upon such factors as
model grid resolution and ambient specific
humidity. Moreover, additional tests (not shown)
indicate that varying the specified lifting depth of
the LDT from 50 to 250 hPa, or the k value of the
NAT from 10 to 100, introduces at least as much
variability into the results of this case as does the
use of completely different formulations.

In general, implementation of unrealistic thresh-
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old values or parameters in a given trigger
function can have serious detrimental effects on
model forecasts. For example, if convection is
initiated when mass or moisture convergence
exceeds some specified threshold value, it 1s likely
that convection will be activated too soon (late) if
the threshold value is prescribed to be too low
(high). In the case of a squall line simulation, this
raises the possibility than the parameterization
might move the line systematically too fast or too
slow. If the threshold value is exceedingly high, it
is possible that the line might not form at all, or
that it might dissipate prematurely. If the threshold
value is exceedingly low, spurious convection may
develop and disrupt the model’s capacity to focus
and organize convective activity. Thus, it is evident
that erroneous threshold trigger functions may be,
at a minimum, a source of phase errors and, in the
worst-case scenario, a vehicle whereby the main
convective event may be completely missed.
Trigger function sensitivity is likely to be case-
dependent. For example, in situations where
forcing by the resolvable scale is strong and sharply
defined, a triggering mechanism that is directly
linked to resolvable scale tendencies may not be
susceptible to significant phase errors. However,
in situations where resolvable scale forcing is weak
over a broad area where convective available
potential energy is relatively large, forcing pro-
duced by the convection itself (e.g., lifting by moist
downdraft outflows) may play a dominant role in
shaping the evolution of events. Under these circum-
stances, the timing and spatial distribution of
convective activity can be critically important and
weaknesses in the trigger function formulation are
likely to lead to more significant forecast errors.
Finally, the sensitivities presented here are meant
to heighten awareness of the pivotal role played
by the convective trigger function, and to suggest
some potentially important considerations for a
more general formulation. However, techniques
for parameterizing convective initiation are likely
to be significantly improved only when the operative
physical processes become better understood.
Accordingly, it is recommended that continued
investigation of this problem not be limited to
mesoscale numerical modeling studies. For example,
observational examination of convective triggering
mechanisms should be included as an objective for
upcoming field programs related to the study of
deep convection; numerical investigation of these

mechanisms should be performed with cloud-scale
numerical models. Without the development of
more generally reliable parameterizations of con-
vective initiation, the convective trigger function
may become a limiting factor in the continued
improvement of operational forecasts of mesoscale
convective systems.
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