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ABSTRACT

Using a nonhydrostatic numerical model with horizontal grid spacing of 24 km and nested grids of 6- and
3-km spacing, the authors employ the scaled lagged average forecasting (SLAF) technique, developed
originally for global and synoptic-scale prediction, to generate ensemble forecasts of a tornadic thunder-
storm complex that occurred in north-central Texas on 28–29 March 2000. This is the first attempt, to their
knowledge, in applying ensemble techniques to a cloud-resolving model using radar and other observations
assimilated within nonhorizontally uniform initial conditions and full model physics. The principal goal of
this study is to investigate the viability of ensemble forecasting in the context of explicitly resolved deep
convective storms, with particular emphasis on the potential value added by fine grid spacing and proba-
bilistic versus deterministic forecasts. Further, the authors focus on the structure and growth of errors as
well as the application of suitable quantitative metrics to assess forecast skill for highly intermittent phe-
nomena at fine scales.

Because numerous strategies exist for linking multiple nested grids in an ensemble framework with none
obviously superior, several are examined, particularly in light of how they impact the structure and growth
of perturbations. Not surprisingly, forecast results are sensitive to the strategy chosen, and owing to the
rapid growth of errors on the convective scale, the traditional SLAF methodology of age-based scaling is
replaced by scaling predicated solely upon error magnitude. This modification improves forecast spread and
skill, though the authors believe errors grow more slowly than is desirable.

For all three horizontal grid spacings utilized, ensembles show both qualitative and quantitative improve-
ment relative to their respective deterministic control forecasts. Nonetheless, the evolution of convection at
24- and 6-km spacings is vastly different from, and arguably inferior to, that at 3 km because at 24-km
spacing, the model cannot explicitly resolve deep convection while at 6 km, the deep convection closure
problem is ill posed and clouds are neither implicitly nor explicitly represented (even at 3-km spacing,
updrafts and downdrafts only are marginally resolved). Despite their greater spatial fidelity, the 3-km grid
spacing experiments are limited in that the ensemble mean reflectivity tends to be much weaker in intensity,
and much broader in aerial extent, than that of any single 3-km spacing forecast owing to amplitude
reduction and spatial smearing that occur when averaging is applied to spatially intermittent phenomena.
The ensemble means of accumulated precipitation, on the other hand, preserve peak intensity quite well.

Although a single case study obviously does not provide sufficient information with which to draw general
conclusions, the results presented here, as well as those in Part II (which focuses solely on 3-km grid spacing
experiments), suggest that even a small ensemble of cloud-resolving forecasts may provide greater skill, and
greater practical value, than a single deterministic forecast using either the same or coarser grid spacing.
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1. Introduction

Ensemble forecasting—or the creation of multiple,
concurrently valid forecasts from slightly different ini-
tial conditions, from different models, from the same
model initialized at different times, and/or via the use of
different physics options within the same or multiple
models—has become the cornerstone of medium-range
(6–10 days) operational global numerical weather pre-
diction (NWP) (e.g., Kalnay 2003). Extension of this
methodology to the regional scale (1–3 days), fre-
quently referred to as short-range ensemble forecasting
(SREF), has been underway for some time (e.g.,
Brooks et al. 1995; Du and Tracton 2001; Hamill et al.
2000; Hou et al. 2001), though for global models within
a framework of hydrostatic dynamics and horizontal
grid spacing that cannot explicitly resolve convective
clouds.

In the context of nonhydrostatic cloud-resolving
models, considerable attention has been directed dur-
ing the past decade toward the explicit numerical pre-
diction of convective storms using fine-scale observa-
tions from Doppler radars and other sensing systems
(e.g., Droegemeier et al. 1996; Xue et al. 1996; Carpen-
ter et al. 1997, 1999; Droegemeier 1997; Sun and Crook
1998; Weygandt et al. 1998; Crook and Sun 2002, 2004;
Xue et al. 2003; Alberoni et al. 2003). However, the
numerous sensitivities evident at small scales (e.g.,
Brooks et al. 1992; Crook 1996; Hu and Xue 2002;
Adlerman and Droegemeier 2002; Martin and Xue
2004; Dawson and Xue 2006) strongly suggest that
probabilistic, rather than deterministic approaches, will
be required for practicable storm-scale NWP.

Initial efforts directed toward comparing fine-grid
forecasts from nonhydrostatic models against coarse-
grid ensemble forecasts from hydrostatic models began
several years ago with the Storm and Mesoscale En-
semble Experiment (SAMEX) (Hou et al. 2001). Four
different models, operating at grid spacings of approxi-
mately 30 km, were used to generate a total of 25 fore-
casts per day, with no finer-grid forecasts created owing
to technical difficulties. In some cases, perturbations
were applied to initial conditions while in others, mul-
tiple physics parameterizations were used. Not surpris-
ingly, the grand ensemble of 25 forecasts exhibited
quantitative skill far superior to any of the ensembles
generated by a given model (Hou et al. 2001). SAMEX
also demonstrated the importance of specifying lat-
eral boundary condition perturbations in a manner
consistent with those applied to the interior of the do-
main.

Although studies in recent years have explored

storm-scale ensemble forecasting (hereafter SSEF) in a
simple context via the use of cloud models initialized
with horizontally homogeneous environments and ther-
mal impulses to trigger convection (e.g., Sindic-Rancic
et al. 1997; Elmore et al. 2002a,b, 2003), full-physics
storm-scale ensembles that include terrain, horizontally
varying initial conditions, and the assimilation of real
observations—particularly from Doppler radar—have
yet to be attempted. The present paper takes the first
step in that direction, building upon the work of Levit
et al. (2004) by applying the scaled lagged average fore-
casting (SLAF) technique (Ebisuzaki and Kalnay
1991), suitably modified, to a tornadic thunderstorm
complex that occurred in north-central Texas on 28
March 2000 (Xue et al. 2003). Specifically, we use mul-
tiple nesting (grid spacings of 24, 6, and 3 km) within
the Advanced Regional Prediction System (ARPS; Xue
et al. 2000, 2001, 2003) to produce a five-member en-
semble on each of the grids and perform a variety of
quantitative comparisons against available observa-
tions.

Owing to the lack of a unique method for linking the
three grids, we explore several approaches and also ex-
amine solution sensitivity to physics options and other
parameter variations. Our principal goal is to investi-
gate the viability of ensemble forecasting in the context
of explicitly resolved deep convective storms with par-
ticular emphasis on the potential value added by fine
grid spacing and probabilistic versus deterministic fore-
casts. Although a single case study obviously does not
provide sufficient information with which to draw gen-
eral conclusions, the present work represents a first
step. An additional goal is to study the structure and
growth of errors, as well as the application of suitable
quantitative metrics, to assess forecast skill for highly
intermittent phenomena. In Part II of this paper (Kong
et al. 2006, manuscript submitted to Mon. Wea. Rev.,
hereafter Part II), we focus exclusively on 3-km grid
spacing forecasts and examine a number of strategies
for creating their ensembles. Further, we perform de-
tailed quantitative verification against rain gauge–
calibrated precipitation estimates from the Fort Worth,
Texas, Weather Surveillance Radar-1988 Doppler
(WSR-88D) and examine the impact of radar data on
ensemble skill.

Section 2 provides an overview of the tornadic storm
case while section 3 describes the model configuration
and experiment design. Ensemble perturbation struc-
ture and error growth are examined in section 4, and
qualitative performance as well as quantitative skill are
assessed in section 5. We conclude in section 6 with a
summary and outlook for future work.

808 M O N T H L Y W E A T H E R R E V I E W VOLUME 134



2. The Fort Worth tornadic thunderstorm system

We chose the 28–29 March 2000 Fort Worth, Texas,
tornadic thunderstorm system because it is well docu-
mented and has been used successfully in fine-grid fore-
cast experiments with the ARPS (Xue et al. 2003). The
storm complex, shown by the KFWS WSR-88D [Next-
Generation Weather Radar (NEXRAD)] Doppler ra-
dar images in Fig. 1, produced two tornadoes between
0015 and 0115 UTC on 29 March 2000, one of which
traversed the metropolitan Fort Worth area from 0018
to 0028 UTC, causing two deaths, many injuries, and
extensive damage to buildings. The second tornado
passed through Arlington and Grand Prairie, Texas,
between 0105 and 0115 UTC. Torrential rain produced
flooding, and softball-sized hail caused three additional
casualties. Total storm damage was estimated at $450
million (NCDC 2000).

The synoptic setting for this event consisted of a Pa-
cific trough that moved quickly inland during the pre-
ceding 24 h, and at 0000 UTC on 29 March, the trough
axis was located over the Texas panhandle, with winds
approaching 50 kt at 500 hPa over Fort Worth (Fig. 2a).
As this trough brought cooler air southward and east-
ward through the plains, a surface low in the Texas
panhandle on the morning of 28 March helped draw
warm, moist low-level air from the Gulf of Mexico
northward into central Texas. The National Centers for
Environmental Prediction (NCEP) operational Rapid
Update Cycle (RUC) analysis (not shown) depicted a
dryline bulging eastward over north-central Texas by
2100 UTC, with a maximum in CAPE over the same
region (Fig. 2b). The NCEP Eta Model (not shown)
predicted no precipitation south of the Red River (in
north-central Texas) in the 12 h prior to 0000 UTC on
29 March, in large part because of its relatively coarse
horizontal grid spacing (32 km) and hydrostatic dynam-
ics. However, forecasters were well aware of the like-
lihood of severe weather, and the National Oceanic and
Atmospheric Administration (NOAA) Storm Predic-
tion Center issued tornado watches for north Texas be-
ginning at 2053 UTC, more than 3 h prior to the Fort
Worth tornado.

3. Model configuration and experiment design

a. General approach and model configuration

The design of our experiments is guided by the fact
that SSEF differs from traditional global or short-range
ensemble forecasting in several ways. First, in light of
available computing resources, the extremely fine grid
spacing required by SSEF necessitates the use of mul-
tiple nested grids. This complicates the construction of

initial perturbations because no unique strategy exists
for linking multiple grids, as described below. Second,
large domains generally are desirable for reducing the
impact on spread, within small domains, of lateral
boundary conditions (see Nutter et al. 2004), but this
comes at the expense of fine grid spacing, which is par-
ticularly important in SSEF. For example, in global en-
semble forecasting, the grid spacing or spectral trunca-
tion of ensemble members is coarser than that of the
control run, usually by a factor of 3–5. Such coarsening,
however, is not feasible in SSEF, where individual con-
vective elements in a control run using 2-km grid spac-
ing, for example, likely would be unresolved using a
spacing of 6–10 km for the ensembles. Finally, tech-
niques used in hydrostatic global and regional models
for generating the most rapidly growing modes (e.g.,
Hamill et al. 2000) may not be applicable at the con-
vective scale owing to intrinsic differences in dynamics
and energetics. As discussed below, a modified form of
the SLAF technique is applied here to partly account
for such differences.

The model used in this study, ARPS, is a three-
dimensional, nonhydrostatic compressible numerical
weather prediction system (Xue et al. 2000, 2001, 2003)
with comprehensive physics and a self-contained data
ingest, quality control, retrieval, and assimilation sys-
tem (Xue et al. 2003). In this study we employ grid
nesting (Fig. 3) using 24-, 6-, and 3-km spacing for the
coarse-, medium-, and fine-grid domains, respectively.
The 3-km grid spacing domain (hereafter 3-km domain)
is centered over Fort Worth with sufficient coverage to
contain the principal features of interest while main-
taining some distance from the lateral boundaries. All
grids use 53 terrain-following vertical layers, with non-
linear stretching, via a hyperbolic tangent function, that
yields a spacing of 20 m at the ground that expands to
approximately 800 m at the top of the domain (located
at approximately 20-km altitude). A more complete list
of model parameters and options used is provided in
Table 1.

b. Construction of perturbations in the 24-km grid
forecasts

Several approaches are available for creating en-
semble initial conditions, including Monte Carlo (ran-
dom perturbations) (e.g., Mullen and Baumhefner
1989), breeding of growing modes (e.g., Toth and Kal-
nay 1993, 1997), lagged average forecasting (e.g., Hoff-
man and Kalnay 1983), singular vectors (e.g., Hamill et
al. 2000), physics perturbations (e.g., Stensrud et al.
2000), and ensemble Kalman-filter-based techniques
(e.g., Houtekamer and Mitchell 1998; Hamill and Sny-
der 2000; Wang and Bishop 2003). These methods have
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