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ABSTRACT

In the near future, the technological capability will be available to use mesoscale and cloud-scale numerical
models for forecasting convective weather in operational meteorology. We address some of the issues concerning
effective utilization of this capability. The challenges that must be overcome are formidable. We argue that
explicit prediction on the cloud scale, even if these challenges can be met, does not obviate the need for human
interpretation of the forecasts. In the case that humans remain directly involved in the forecasting process,
another set of issues is concerned with the constraints imposed by human involvement. As an alternative to
direct explicit prediction of convective events by computers, we propose that mesoscale models be used to
produce initial conditions for cloud-scale models. Cloud-scale models then can be run in a Monte Carlo-like
mode, in order to provide an estimate of the probable types of convective weather for a forecast period. In our
proposal, human forecasters fill the critical role as an interface between various stages of the forecasting and
warning process. In particular, they are essential in providing input to the numerical models from the observational
data and in interpreting the model output. This interpretative step is important both in helping the forecaster
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anticipate and interpret new observations and in providing information to the public.

1. Introduction

Since the 1950s, numerical weather prediction has
become an integral part of the process of forecasting
the large-scale weather. Until the late 1970s, resolution
and physical parameterizations within the numerical
models were limited, owing, in large part, to the in-
adequacy of computational resources. As the speed and
memory size of computers has increased, it has become
possible to carry out numerical integrations with res-
olution on the order of a few kilometers, allowing the
models to capture details of mesoscale and cloud-scale
features and, presumably, make more accurate predic-
tions of weather than previous models. As a part of the
ongoing modernization and reorganization of the Na-
tional Weather Service (NWS), great emphasis will be
placed on forecasting mesoscale (and smaller) weather.
In the context of this emphasis, some have suggested
the development of mesoscale and cloud-scale forecast
models for use at individual operational forecast offices;
Fritsch and Rodgers (1981) indicated that numerical
models would play a key role in solving what they re-
ferred to as the “short-term forecast enigma.” Orville
(1980) began work with one- and two-dimensional
models in order to develop forecast aids. Serious efforts
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in the direction of producing three-dimensional op-
erational mesoscale and cloud-scale models have begun
only recently, as access to and performance of super-
computers have continued to improve (Droegemeier
1990; Lilly 1990). While research models on these
scales (e.g., Anthes and Warner 1978; Klemp and Wil-
helmson 1978) have been valuable tools for improving
our understanding of small-scale phenomena for many
years, it is not straightforward to apply those models
in a forecast mode (Warner and Seaman 1990).

The mesoscale forecast problem we currently face is
fundamentally different than the large-scale forecast
problem that faced meteorologists in the 1950s. At the
time that NWP was in its infancy, the basic conceptual
building blocks of a unified theory of large-scale motion
(baroclinic instability and quasigeostrophic theory)
were already in place. Using these ideas, Phillips (1951)
was able to show that a simple, two-layer, quasigeo-
strophic forecast model reproduced much of the large-
scale behavior of the atmosphere. In contrast, as of this
writing, no simple (i.e., not the raw equations of mo-
tion) yet comprehensive theory of motion on the me-
soscale or cloud-scale exists. Modern attempts to pro-
duce small-scale numerical forecasts do not start from
an equivalent theoretical foundation as the large-scale
forecasts of 40 years ago. Technology currently is far
ahead of the theoretical development of the subject,
while the opposite case held as the NWP era began.
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Therefore, analogies with the rapid progress made in
NWP in the 1950s are not necessarily pertinent to the
mesoscale situation in the 1990s.

In the spring of 1991, we participated in an experi-
mental forecast project’ with operational forecasters
from the National Weather Service Forecast Office in
Norman, Oklahoma. As part of that project, an ex-
perimental forecast team predicted environmental
conditions for a specific time and location using ob-
servations, numerical guidance from the National Me-
teorological Center’s models, and any other means at
their disposal, and those conditions were used to ini-
tialize the three-dimensional cloud-scale model of
Wicker and Wilhelmson (1990). The model was run
in a forecast mode to provide information back to the
experimental forecast team as to the nature of the ex-
pected convection that afternoon and evening. This
project represented one of the first attempts? to use
three-dimensional numerical cloud-scale models in
forecast applications. While some of the predictions
were extremely good, others bore little resemblance to
the actual weather. Our experience with this project
led us to consider the role of subsynoptic-scale nu-
merical models in operational settings. Problems with
forecasting the environment, initializing the model, and
interpreting and communicating the model results to
the forecast team in a timely fashion all came up at
various stages of the project. Discussions about these
problems helped us in formulating the ideas presented
here.

In general, the forecast utility of any numerical pre-
diction model is limited to the time after which linear
extrapolation of present conditions (called nowcasting)
is valid (Zipser 1983; Doswell 1986a). The time when
models begin to add information to help the forecaster
is a function of the weather situation and how rapidly
it is evolving (Fig. 1). When changes are slow, it may
be a long time before the model is useful. In rapidly
changing environments, model data may become im-
portant very quickly to forecasters attempting to an-
ticipate those changes. In general, numerical prediction
models do not produce a weather forecast ( see Doswell
1986a). They produce a form of guidance that can
help a human being decide upon a forecast of the
weather. Just as with any other information source,
numerical models can help or hinder a forecaster, de-
pending on his or her experience, understanding of the
model and its shortcomings, and the weather situation.
Operational forecasters quickly become aware of prob-
lems with NWP models that may affect their forecast
area (Fawcett 1969). They take note of phenomena
that are not handled properly by the model, and their

! That project will be reported upon in a future publication.

2 Straka (personal communication) has used a similar model to
forecast maximum downburst winds over Florida in the summer of
1990. Kopp and Orville (1990) have applied two-dimensional models
in forecast experiments.

FORECASTER’S FORUM

121
O I I O O
100% - - -- -- -
TOTAL WEATHER KNOWLEDGE
L
o
e}
2
EY
3 METEOROLOGY
g G?—O?/' e
L oeS
B oo T W= =~
£ o £~ oEs ~—
8 ~. >
= S CLIMATOLOGY
—— e |
/
s
Tdaa b b bt
0123456 9 12 15 18 21 24
Time, hours

FiG. 1. Schematic illustrating effectiveness of approaches
to short-range forecasting (from Doswell 1985).

confidence in the model prediction is a function of
what they know about the model and the weather sit-
uation. Some of these problems that exist with the cur-
rent generation of cloud and mesoscale models may
be solved with sufficient research, but others are of such
a fundamental nature that they may resist easy solution.
If so, we must either compensate for the shortcomings
in operational applications or consider the model pre-
dictions in ways that will maximize their utility.

In this paper, we shall address several issues con-
cerning the use of mesoscale and cloud-scale models
in an operational forecast setting. Specifically, we shall
focus on three primary problem areas: 1) the predict-
ability of mesoscale and cloud-scale phenomena, which
embraces the issue of the use of numerical models, 2)
the quantity and quality of the observational data, and
3) practical constraints on small-scale, short-term
forecasts. Finally, we shall outline an approach to apply
numerical models to operational mesoscale and cloud-
scale meteorology effectively. Even though the chal-
lenges of cold-season mesoscale meteorology are both
interesting and great, we shall limit our attention in
this paper to the problems associated with convective
weather. Also, while some of our examples will refer
directly to individual numerical models, our comments
our not intended to be model specific. Rather, our ar-
guments are intended to be general and meant to de-
velop a philosophical framework within which to use
numerical models.

2. Predictability of mesoscale and cloud-scale
phenomena

A fundamental unresolved question concerns the
theoretical limits of predictability of mesoscale (and
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smaller) weather. Anthes (1986) covers the mesoscale
issues in depth and we review his discussion only briefly
here. Using arguments based on three-dimensional
turbulence, the limit on synoptic-scale predictability is
set by nonlinear interactions between the various wave
components of the energy spectrum. The rapid transfer
of energy from large to small scales in three-dimen-
sional turbulence implies, at first glance, that small-
scale phenomena may have less inherent predictability
than those on the large scale. However, the intermit-
tency of atmospheric phenomena, particularly on the
mesoscale, may indicate that three-dimensional tur-
bulence is not the best model for the energy spectrum
in that range. The persistent nature of some features,
such as fronts, implies that they “resist” the energy
cascade present in three-dimensional turbulence. For
example, Lilly (1986) has argued that the helicity of
supercell thunderstorms may make them more pre-
dictable than regular thunderstorms. Quantitative
knowledge of the details of the forcing (such as surface
heating, topography, and synoptic-scale disturbances)
of mesoscale processes also improve predictability.
Some studies of limited-area numerical models have
indicated that those models are less sensitive to data
uncertainties than would be predicted by considering
turbulence alone (e.g., Errico and Baumhefner 1987).
Errico and Baumhefner (1987) proposed that this re-
sulted from the nesting of the model within a larger-
scale model with one-way interaction on the bound-
aries. “Perfect” data from the large-scale model was
continuously advected inward, so the apparent en-
hancement of predictability may have been an artifact
of the experimental design.

Not all of the evidence concerning mesoscale features
lends optimism to the question of predictability, how-
ever. Berri and Paegle ( 1990) reported significant error
growth in models with horizontal resolution on the
order of 20 km. Vukicevic and Errico (1990) did not
find significant error growth in their model at similar
resolution, but they pointed out the strong model de-
pendence of this result. More importantly, they found
that the predictability of their model was a function of
the synoptic situation. Specifically, errors grew faster
in rapidly changing synoptic settings and strongly
baroclinic systems, compared to quiescent conditions.
This result is similar to that found by Killén and
Huang (1988 ) for forecasts from the European Centre
for Medium-Range Weather Forecasting (ECMWF)
model, when they analyzed cases where a single ob-
servation greatly influenced the analysis. Rapidly
changing, strongly baroclinic synoptic environments
are important systems for the mesoscale forecaster, so
that the greater sensitivity of the models in those sit-
uations is crucial. The result implies that, in those
baroclinic cases where the mesoscale forecaster needs
help the most, the large-scale numerical model guid-
ance is most likely to be less reliable.

Unfortunately, forecast difficulties are not confined
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to strongly baroclinic systems; they also arise com-
monly in weakly forced synoptic situations (Barnes
1986). When a reasonably strong synoptic-scale signal
is present, mesoscale models may be relatively insen-
sitive to the initial conditions (Zhang and Fritsch 1986,
1988). However, in the absence of such a large-scale
signal, it has not yet been shown that mesoscale models
can generate accurate convective-scale evolutions
without detailed initial conditions (Stensrud and
Fritsch 1991). .

Issues of predictability and robustness of solutions
can be considered from the standpoint of nonlinear
dynamics. Lorenz (1963 ) has shown sensitivity to ini-
tial conditions in a simple model of Rayleigh-Benard
convection consisting of three equations and three un-
knowns. The notion of attractor basins in phase space
for solutions of systems of nonlinear partial differential
equations is useful in exploring these issues. A map of
the basins of attraction for the Lorenz model is rela-
tively simple, but even so, small changes in the initial
state can move the model into an entirely different
basin. Given the sensitivity seen in the results of cloud
models using simple initialization schemes, it is un-
likely that the sensitivity to initial conditions will de-
crease as we begin to use more complicated models
with more degrees of freedom. Consider using the out-
put of mesoscale models as the input to cloud-scale
models; this constrains the degrees of freedom, limiting
the range of possible solutions that the cloud-scale
model can produce. Thus, it is analogous to the con-
straints imposed by the use of large-scale models to
provide boundary conditions for mesoscale models, as
proposed by Errico and Baumhefner (1987). If the
mesoscale model does not provide “perfect” predic-
tions, however, it is possible that it will move the cloud-
scale model solution into the wrong attractor basin.
Providing more “realistic” boundary conditions for
cloud-scale models will not necessarily produce a better
prediction of cloud-scale weather. It may help to pro-
duce better simulations and allow the models to recre-
ate a larger range of phenomena, but it may not pro-
duce better predictions.

Stensrud and Bao (1991) have considered the sen-
sitivity of the Lorenz model to initial conditions and
data assimilation, using the concept of “decision
points” (see Nese 1987) to evaluate model evolution.
In the Lorenz model, when the trajectory of a model
solution approaches the region between the two fixed
points, it may cross from one to the other and begin
to orbit the second fixed point (Fig. 2). They point out
that, in more complicated models, significant decision
points exist as well. Should the model make a “wrong”
decision at one of these decision points, owing to such
factors as numerical error, problems with the initial
conditions, or imprecisions in the model formulation,
it can make a transition to the “wrong” solution. This
may be an explanation for the cloud-model sensitivities
previously discussed. Another area in which this con-
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cept may be important is in the parameterization of
convection in mesoscale models, which are too coarse
to resolve convection explicitly. The onset of convec-
tion can be regarded as a decision point (Stensrud and
Bao 1991); once convection begins, certain possible
evolutions of the atmosphere are no longer possible.
The sensitivity of mesoscale models to small changes
in the onset of convection has been pointed out by
Fritsch and Chappell (1980) and Stensrud and Fritsch
(1991) in their modeling studies. Given this sensitivity,
explicit prediction on the mesoscale appears to be ex-
tremely difficult.

On the cloud-scale, it recently has been suggested by
Droegemeier ( 1990) that, depending on the nature of
the situation, the location, timing, intensity, and type
of precipitation are predictable on time scales up to
12 h and spatial scales greater than 10 km. Droegemeier
states that the intensity and location of new thunder-
storms might be predictable up to 2 h, while the detailed
evolution of existing thunderstorms might be predict-
able for 3 to 6 h. Obviously, such a level of predictability
would have great benefits for improving forecasts and
warnings. A numerical simulation of the 3 April 1964
splitting storms (Wilhelmson and Klemp 1981) has
been used often as evidence that models might be able
to predict supercell storms over a several-hour period
(Fig. 3). Comparison of the observations and model
results shows a more rapid evolution in the model
storm and a difference in storm velocity of approxi-
mately 5 m s™!, which leads to an error in the position
of 18 km after 1 h. While this is not a large error in
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F1G. 2. Two trajectories around the Lorenz attractor. The end
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of the second are labeled by a and b. Note that the trajectories initially
are very close and then orbit separate stationary points.

FORECASTER’S FORUM

123

terms of simulating the storm, it is significant for an
operational warning process, where the features for
which warnings are issued may be small. Also, in an
environment with strong horizontal gradients, position
errors this great could result in a change in the type of
convective storm. The significance grows when issues
such as the possible initiation of new convection on
outflow boundaries of the initial storm are considered.
Recent numerical studies by McPherson and Droe-
gemeier (1990) and Brooks (1990) show important
differences in simulated convection, depending on the
specification of the initial thermal perturbation.

This sensitivity of cloud model simulations to the
fine-scale details of the initial conditions raises two dis-
tinct concerns. First, the simulations begin with an un-
balanced thermal perturbation; this is almost certainly
an unphysical representation of the way in which deep,
moist convection begins. As yet, the details of those
processes leading to initiation of deep convection re-
main rather poorly understood. If nonhomogeneous
initial conditions are used, it is not yet obvious what
dynamic balances might be appropriate to mitigate the
time needed for the model to develop its own internal
consistency among model variables. Therefore, our
present situation with regard to initiating convection
in cloud models is tainted by this uncertainty. Second,
if details of initiating mechanisms must be described
as accurately as suggested by the results of McPherson
and Droegemeier (1990) or Brooks (1990), it is not
clear that any current or currently proposed observing
system will provide that sort of data density and ac-
curacy. Using models to infer unobserved variables (as
in the case of single-Doppler radial velocity being used
to infer not only the unobserved components of the
flow, but also the thermodynamic structure) is not yet
a proven concept even in theory, except under highly
idealized conditions (Stensrud and Bao 1991). Issues
concerning the quality and density of the observational
data will be discussed further in section 3.

The Wilhelmson and Klemp (1981) result also il-
lustrates the fundamental difference between simula-
tion and prediction. A simulation will be considered
successful if it replicates the actual weather event qual-
itatively. Successful prediction, on the other hand, re-
quires quantitative accuracy in time and space. Droe-
gemeier (1990) points out that almost all research to
date with subsynoptic-scale models has been pointed
toward simulation, not prediction. Current cloud
models have been most successful at simulating a rather
narrow range of convective phenomena, particularly
supercell thunderstorms, Whether those or similar
models will be able to predict the same phenomena is
an open question. It is certain, however, that what the
models cannot simulate, they will be unable to predict.

Recent experiments concerning the ability of current
models to predict storms explicitly have not been en-
couraging. On a scale smaller than the Wilhelmson
and Klemp result, Lin et al. (1990) used the Colorado
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FIG. 3. Observed and simulated radar echo evolution for 3 April 1964 splitting storm (from Wilhelmson and Klemp 1981).

State University Regional Atmospheric Modeling Sys-
tem (CSU-RAMS) (Tripoli and Cotton 1982) to sim-
ulate the 20 May 1977 Del City tornadic storm with
fields retrieved from multiple-Doppler radar obser-
vations of the wind and derived thermodynamic fields.
The model fields between 5 and 10 min into the sim-
ulation resemble a set of observations taken 14 min
after the initialization, but by 15 min into the simu-
lation, the modeled storm’s vorticity center has weak-
ened and there is little agreement between the model
and observations. The model evolution is much too
fast. It indicates that this model is capable of simulating
the observed storm behavior, but its predictive capa-
bility is limited ‘to significantly less than 15 min. This
is a severe limitation, particularly considering that the
initial conditions contained fully three-dimensional
winds, and that future operational models would be
limited to radial winds from only a single Dopple
radar. :
Although most of the recent attention of cloud-scale
modeling has been on supercell thunderstorms, in part
because of their association with violent tornadoes, su-
percells are not the only mesoscale phenomenon of
importance to operational forecasting or to the public.
For example, on an annually averaged basis, flash
floods kill more people than tornadoes (Mooney 1983)

and most flash floods are not associated with supercells.
Flash floods may occur as the result of relatively short-
lived convective events, such as the 1981 Austin, Texas,
flash flood (Maddox and Grice 1986) or the 1990
Shadyside, Ohio, flash flood (NOAA 1991). Prediction
of these events would have required a very precise
3-h numerical forecast. Small errors in the forecast
timing and motion of the Austin and Shadyside storms,
such as described above for the 3 April 1964 simulation,
would have resulted in a poor forecast of the location
of the precipitation, moving it out of the drainage basin
in which the flooding occurred.

Another difficult situation to predict occurs when
the atmosphere is extremely unstable, there is no cap-
ping inversion to inhibit storm development, and there
is little shear to organize the storms (e.g., Stensrud and
Fritsch 1991). In such an environment, many con-
vective cells may form over a mesoscale area at about
the same time. Severe weather from an individual cell
may begin within minutes of the first echo and continue
for less than an hour before the storm collapses rapidly.
Because of their rapid growth and decay, these “pulse”
storms have been recognized as posing significant
problems for meteorologists with warning responsibility
for some time (Doswell 1985). Beyond the problem
of warning on the initial storm, the further evolution






