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ABSTRACT
The forecast uncertainty of mesoscale snowband formation and evolution is compared using predictions
from a 16-member multimodel ensemble at 12-km grid spacing for the 25 December 2002, 12 February 2006,
and 14 February 2007 northeast U.S. snowstorms. Using these predictions, the case-to-case variability in the
predictability of band formation and evolution is demonstrated. Feature-based uncertainty information is also
presented as an example of what may be operationally feasible from postprocessing information from future
short-range ensemble forecast systems. Additionally, the initial condition sensitivity of band location in each
case is explored by contrasting the forecast evolutions of initial condition members with large differences in
snowband positions. Considerable uncertainty in the occurrence, and especially timing and location, of band
formation and subsequent evolution was found, even at forecast projections ,24 h. The ensemble provided
quantitative mesoscale band uncertainty information, and differentiated between high-predictability (14
February 2007) and low-predictability (12 February 2006) cases. Among the three cases, large (small) initial
differences in the upper-level PV distribution and surface mean sea level pressure of the incipient cyclone
were associated with large (small) differences in forecast snowband locations, suggesting that case-to-case
differences in predictability may be related to the quality of the initial conditions. The complexity of the initial
flow may also be a discriminator. Error growth was evident in each case, consistent with previous mesoscale
predictability research, but predictability differences were not correlated to the degree of convection. Discussion of these results and future extensions of the work are presented.

1. Introduction
A major challenge of cool-season quantitative precipitation forecasting (QPF) is to determine the spatial
and temporal variability of precipitation within extratropical cyclones (Ralph et al. 2005). Variability in the
location and intensity of cool-season precipitation is often
determined by the development and evolution of mesoscale precipitation bands (Ralph et al. 2005). Thus,
improving mesoscale band forecasts will help improve
cool-season QPF.
Mesoscale precipitation bands are frequently observed
in the comma-head portion of extratropical cyclones in
the northeast United States (Nicosia and Grumm 1999;
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Novak et al. 2004; Novak et al. 2010). Prediction techniques have focused on assessing the ingredients of
frontogenesis, weak moist symmetric stability, and sufficient moisture. However, Evans and Jurewicz (2009)
found that correlations between heavy snowfall and a
single model’s forecast values of frontogenetical forcing,
weak moist symmetric stability, saturation, and favorable thermodynamic environments (ingredients associated with mesoscale snowbands) decrease substantially
as forecast lead time increases beyond 12 h. They hypothesized that model forecast positioning and timing
errors are responsible for the lower correlations associated with longer-lead forecasts. In an analysis of three
snowband cases, Novak et al. (2009) found that the
frontogenetical forcing for the band was highly sensitive
to upstream potential vorticity (PV) modification from
precipitation/convection. The frontogenetical evolution
associated with the band was also sensitive to the precipitation evolution and resulting PV modification both
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locally and well east of the banding region. This sensitivity is consistent with error growth associated with
moist convective processes, as established by previous
mesoscale predictability research (e.g., Zhang et al. 2003;
Tan et al. 2004; Brennan and Lackmann 2005; Zhang
et al. 2007; Hawblitzel et al. 2007; Bei and Zhang 2007;
Hohenegger et al. 2006).
In recognition of the predictability limits inherent to
mesoscale bands, Novak et al. (2006) proposed a mesoscale band forecast strategy that assesses the band
ingredients in a time- and scale-dependent approach
utilizing ensembles, deterministic models, and observations. However, they acknowledge that a more complete
band forecast strategy would emphasize a probabilistic
approach that quantifies the case-to-case variability in
band predictability.
Short-range ensemble forecast (SREF) systems can
provide objective information regarding the predictability of features by accounting for initial conditions
and model uncertainty (e.g., Du et al. 2003, 2004, 2006;
Grimit and Mass 2002; Eckel and Mass 2005; Jones
et al. 2007; Suarez et al. 2012). For example, recent work
has examined extratropical cyclone track performance
(e.g., Charles and Colle 2009). However, current operational SREFs have horizontal grid spacing on the order
of 20–40 km (Du et al. 2006), which is too coarse to adequately resolve mesoscale snowbands. Thus, explicit
mesoscale band uncertainty information is not available
from operational SREFs, limiting a probabilistic approach to the band prediction problem.
Given mesoscale models such as the fifth-generation
Pennsylvania State University–National Center for Atmospheric Research (NCAR) Mesoscale Model (MM5;
Dudhia 1993) and Weather Research and Forecasting
model (WRF) (Skamarock et al. 2005) are able to predict
the primary aspects of mesoscale precipitation bands at
;10-km grid spacing (Novak et al. 2009; Schumacher
et al. 2010), Novak et al. (2006) and Novak et al. (2008b)
recommended exploring using the explicit band predictions from members of an ensemble to assess the
predictability of band formation and evolution. Such information may help advance band prediction toward a
probabilistic format. Following this recommendation, the
primary goals of this work are to
d

demonstrate the ability of a 12-km grid-spacing multimodel ensemble using different initial conditions and
physics to quantify the case-to-case variability in band
predictability; such an ensemble system on a continental domain will be operationally available from the
National Centers for Environmental Prediction (NCEP)
soon, and will be available prior to more computationally expensive convection-allowing ensembles;

d
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illustrate the type of feature-based (explicit mesoscale
snowband) uncertainty information possible from such
an ensemble system; and
explore the sensitivity of band location to initial
conditions.

To achieve these goals, ensemble predictions for three
banded snowstorms over the northeast United States are
conducted and analyzed.
Section 2 describes the cases, ensemble system, and
analysis method. The ensemble predictions of band evolution for each storm are summarized in section 3, and
forecast location uncertainties are investigated in section 4. The implications and future directions of the
work are discussed in section 5.

2. Data and methods
a. Snowband cases
Heavy snowfall occurred in the 25 December 2002, 12
February 2006, and 14 February 2007 cases, with maximum totals of ;100 cm (40 in) during the 25 December
2002 and 14 February 2007 cases in eastern New York,
and a record setting 68.3 cm (26.9 in) in New York City
during the 12 February 2006 case. Much of the snowfall
in each case was associated with the formation and evolution of an intense mesoscale snowband, with sustained
snowfall rates of 5–10 cm h21 reported within each respective band.
Common cyclone features important to the development of snowbands northwest of the surface cyclone
(e.g., Novak et al., 2010) were present in each case, including the presence of small stability and the development of intense lower-tropospheric frontogenesis
along an inverted trough at the 700-hPa level. Detailed
observations and deterministic 4-km model results from
these cases are presented in Novak et al. (2008b) and
Novak et al. (2009). The three cases were also included
in the climatology and potential vorticity (PV) classification of Novak et al. (2010). The 25 December 2002
and 12 February 2006 cases were classified by Novak
et al. (2010) as ‘‘PV hook,’’ which was the most common
type of banded cyclone events in the northeastern United
States. In PV hook events the band forms on the northwest side of a hook-shaped upper-level PV anomaly ina region of cyclonic PV advection. The 14 February
2007 case was classified as ‘‘lagging upper-trough.’’ In
this type of system, band formation occurs in the northwest quadrant of the surface cyclone, but more than
400 km to the east of the 400-hPa 2-PVU contour (1
PVU 5 1026 K m2 kg21 s21), and within 300 km of a
saturated 700-hPa PV maximum (i.e., a diabatic PV
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TABLE 1. Ensemble system configuration.

Member name

Model

Initial/boundary conditions

Microphysics

Convective

PBL

NAM-MM5
GFS-MM5
GFE-R2-MM5
SREF-N1-MM5
SREF-N2-MM5
SREF-P1-MM5
SREF-P1-KF-MM5
SREF-P2-MM5
NAM-WRF
GFS-WRF
GFS-Thom-WRF
SREF-N1-WRF
SREF-N2-WRF
SREF-P1-WRF
SREF-P1-KF-WRF
SREF-P2-WRF

MM5
MM5
MM5
MM5
MM5
MM5
MM5
MM5
WRF
WRF
WRF
WRF
WRF
WRF
WRF
WRF

NAM
GFS
GFS
SREF-N1
SREF-N2
SREF-P1
SREF-P1
SREF-P2
NAM
GFS
GFS
SREF-N1
SREF-N2
SREF-P1
SREF-P1
SREF-P2

Simple
Simple
Reisner2
Simple
Simple
Simple
Simple
Simple
Simple
Simple
Reisner2
Simple
Simple
Simple
Simple
Simple

Grell
Grell
Grell
Grell
Grell
Grell
Kain–Fritch
Grell
Grell
Grell
Grell
Grell
Grell
Grell
Kain–Fritch
Grell

MRF
MRF
MRF
MRF
MRF
MRF
MRF
MRF
MRF
MRF
MRF
MRF
MRF
MRF
MRF
MRF

anomaly), consistent with persistent convection and
diabatic heating (Novak et al. 2010). The upper-level
PV perspective of the cases is discussed in section 4.

b. Ensemble design and evaluation
A 16-member multimodel ensemble using different
initial conditions and physics was developed to explore the predictability of the three snowband events
(Table 1). Member names appearing in the first column
of Table 1 will be used throughout the paper. The ensemble system is composed of two models: MM5v3.7
and WRFv2.2. Initial and boundary conditions were
used from the operational NCEP North American
Mesoscale (NAM) model (Janjić 2003), the Global
Forecast Systems (GFS) model (Caplan et al. 1997),
and select NCEP SREF system perturbation members
(N1, N2, P1, and P2; Du et al. 2003, 2004). Each initial
breeding pair was perturbed positively (P) and negatively
(N) using the NCEP breeding technique described by
Toth and Kalnay (1997). These particular perturbed
SREF members were from the Eta Model (Black 1994)
subset and were chosen since they were available for all
three cases.
Although most members of the 16-member multimodel ensemble used here employed simple ice microphysics (Dudhia 1989; Hong et al. 2004) and Grell
convective parameterization (Grell 1993), the microphysics of GFS-initialized members were varied between simple ice and Reisner2 (Reisner et al. 1998) in
the MM5 and simple ice and Thompson (Thompson
et al. 2004) in the WRF. The convective parameterization of SREF-P2-initialized members was varied between the Grell and Kain–Fritsch convective schemes
(Kain and Fritsch 1990) (Table 1). The ensemble was

integrated over an outer 36-km domain covering the
eastern two-thirds of the United States and adjacent
coastal waters, and a 12-km (one way) nested grid over
the northeast United States (cf. Fig. 1a of Jones et al.
2007). The 12-km ensemble output is used in section 3 to
analyze band characteristics, and the 36-km output is
used in section 4 to explore the sensitivity of band location to initial conditions. The ensemble was initialized
19, 21, and 15 h prior to observed band formation for the
25 December 2002, 12 February 2006, and 14 February
2007 cases, respectively.
To assess band predictability from the ensemble, each
ensemble member’s hourly output was manually inspected. Following Novak et al. (2004), both the observed and
simulated bands in the 12-km domain were defined as
a reflectivity feature .250 km in length, 20–100 km in
width, and with intensities of .30 dBZ maintained for at
least 2 h. Band formation was noted at the time when
these conditions were first met (after determining that the
feature persisted for at least 2 h). The intensity threshold
was reduced to 26 dBZ for the 12 February 2006 banded
event to document predictions of the occurrence and
evolution of weaker bands. The timing and location of the
simulated and observed bands were compared for each
case. The subjectivity of the band identification is a recognized limitation of the work, and is discussed further in
section 5.
The probabilistic skill of the ensemble system cannot
be evaluated, since only three cases are analyzed. For
the demonstration purposes of this paper, large ensemble spread is assumed to represent the low predictability of the quantity of interest, while small spread
is assumed to represent high predictability. ‘‘Predictability’’ in this work refers to practical predictability
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FIG. 1. (a) Time series of the observed MSLP (black), 12–30-h forecast ensemble mean MSLP (white), and individual ensemble member forecast (see legend) MSLP for the 25 Dec 2002 case. MM5 members are solid and WRF
members are dashed. (b) As in (a), but for 12–36 h forecasts and observations for the 12 Feb 2006 case. (c) As in (a),
but for 12–30-h forecasts and observations for the 14 Feb 2007 case. (d)–(f) Corresponding ensemble member
(colored by forecast projection) and observed (black) surface low positions for each case.

(Lorenz 1996)—the ability to predict based on current
procedures—which incorporates limitations of current
ensemble and observational systems. This is opposed to
the ideal intrinsic predictability (Lorenz 1969), which is
the extent to which prediction is possible if an optimum
procedure is used.

3. Ensemble predictions
a. Surface low
The three cyclones exhibited rapid cyclogenesis along
the East Coast (Fig. 1), with the 25 December 2002 event
exhibiting the greatest deepening [28 hPa (24 h)21],
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followed by the 14 February 2006 case [26 hPa (24 h)21]
and the 12 February 2006 case [23 hPa (24 h)21]. The
MSLP and low track of the 14 February 2007 storm were
well forecast by the ensemble mean, with the mean
MSLP within 64 hPa of the observed during the 12–
30-h forecast evolution (Fig. 1c), and the 24-h forecast
low positions within 300 km of the observed (Fig. 1f).
In contrast, the MSLP for the 12 February 2006 storm
was poorly forecast by most ensemble members. The
ensemble mean exhibited positive errors of as much
as 10 hPa, and only one member (GFS-Thom-WRF)
exhibited an MSLP evolution as deep as the observed
evolution during the 0000–1500 UTC period of development (Fig. 1b). Several members exhibited surface
lows that were near the observed coastal track; however, three members were over 500 km farther off the
coast (Fig. 1e). The ensemble mean MSLP for the 25
December 2002 storm exhibited more modest positive
errors of 4–6 hPa during the forecast (Fig. 1a), and a low
track that was comparable in skill to the 14 February 2007
case (Fig. 1d).

b. Liquid equivalent precipitation
Observed liquid equivalent precipitation exceeded 40,
70, and 75 mm in the 12 February 2006, 25 December 2002,
and 14 February 2007 cases, respectively (Figs. 2a–c). The
simulated precipitation maximum in the 25 December
2002 and 14 February 2006 cases was elongated (Figs.
2d,f), suggesting several members predicted bands in
similar locations. However, the 12 February 2006 case
did not exhibit a well-defined elongated precipitation
maximum. Maximum precipitation amounts from the
ensemble mean were only ;50% of the observed in the
25 December 2002 and 12 February 2006 cases. In
contrast, the maximum precipitation amounts from the
ensemble mean were ;85% of the observed in the 14
February 2007 case, which is impressive given the expected dampening of the precipitation maxima by averaging.
The probability of exceeding 50 mm in the 25 December
and 14 February 2007 cases, and 25 mm in the 12 February
2006 case was calculated. These thresholds were chosen
at roughly two-thirds of the observed precipitation maximum. At locations along the observed band, the ensemble predicted a 10%–20% probability of exceeding
50 mm in the 25 December 2002 case (Fig. 2g), a 10%–
20% probability of exceeding 25 mm in the 12 February
2006 case (Fig. 2h), and over a 90% probability of exceeding 50 mm in the 14 February 2007 case (Fig. 2i).
These results highlight the varied uncertainty in the precipitation amounts for these cases, with the 14 February
2007 case exhibiting the highest probability for heavy
precipitation.

c. Mesoscale snowband characteristics
Analysis of the simulated reflectivity from the individual ensemble members showed that all members exhibited band formation during the 14 February
2007 case, while .80% of the members predicted bands
at some time during the 25 December 2002 and 12
February 2006 cases (Table 2). The locations of band
formation irrespective of timing (band formation envelope) are shown in Figs. 3a–c. In each case a favored
SW–NE-oriented envelope of band locations was predicted by most of the ensemble members. The narrow
envelope (;100 km wide) of band predictions in the 14
February 2007 case, which were clustered near the observed position (Fig. 3c), illustrates the relatively high
predictability of band location in this case. In contrast,
the particularly broad envelope (;600 km wide) of
band predictions in the 12 February 2006 case (Fig. 3b)
illustrates the relatively low predictability of band location in this case. Consistent with the band location
spread, the surface low positions at the time of band
formation also show a relatively large spread in the 12
February 2006 case, while the 25 December 2002 and
14 February 2007 cases exhibit relatively small spread
(Figs. 3a–c). Note that there was small band location
spread in the 14 February 2007 case, despite having a
large MSLP spread (Fig. 1c), while there was large band
location spread in the 12 February 2006 case, despite
having a relatively small MSLP spread. This result suggests that the predictability of cyclone depth is not a
good proxy for the predictability of band location.
The differences in predictability among the cases are
also evident in the timing of the stages of band evolution.
For example, several members predicted a band at the
time of observed band formation in the 25 December
2002 (Fig. 3d) and 14 February 2007 cases (Fig. 3f), while
none of the members predicted a band at the time of actual band formation in the 12 February 2006 case (Fig. 3e).
The observed band at the time of band maturity fell within
an envelope of 10 members in the 25 December 2002 case
(Fig. 3g) and 9 members in the 14 February 2007 (Fig. 3i)
case. However, the observed band was ;100 km southeast
of the edge of the only four members predicting bands at
the time of observed band maturity in the 12 February
2006 case (Fig. 3h). The small number of members predicting bands at this time was a symptom of a large timing
error (shown below) and, once again, illustrates the relatively low predictability of the 12 February 2006 case.
The varied uncertainty in the timing and duration
of the predicted bands can be quantified. In the 25
December 2002 case, 75% of the members predicted a
band at the time of observed band formation, while none
of the members predicted a band after the observed band
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FIG. 2. (a)–(c) Manually analyzed cooperative observer storm total liquid equivalent precipitation (mm, shaded every 5 mm according
to scale) for the (a) 25 Dec 2002, (b) 12 Feb 2006, and (c) 14 Feb 2007 cases. (d)–(f) Corresponding ensemble mean forecast storm total
precipitation. (g)–(i) Corresponding ensemble probability (%) of exceeding 50, 25, and 50 mm for the 25 Dec 2002, 12 Feb 2006, and
14 Feb 2007 cases, respectively.

had dissipated (Fig. 4a). The ensemble correctly suggested the duration of the band, with the mode of the
duration distribution (6 h) coinciding with the observed duration (6 h) (Fig. 4b). In contrast, band formation was favored several hours later than observed
during the 12 February 2006 case, with none of the
members forecasting a band at the time of actual band
formation (Fig. 4c), and 75% of the members forecasting a band after the observed band had dissipated.
The mode of the duration distribution (4 h) was less
than the observed duration (9 h), but was within the

ensemble duration envelope (Fig. 4d). As discussed
above, the 14 February 2007 case exhibited high certainty
in band occurrence and small spread in the location of
banding. The mode of the duration distribution (8 h) also
coincided with the observed band duration (8 h) (Fig. 4f).
However, only 45% of the members predicted a band
at the time of observed band formation, while over 70%
of the members predicted a band after the observed
band had dissipated (Fig. 4e). These results highlight the
challenge of predicting not only band occurrence, but
band location, timing, and duration.
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TABLE 2. Ensemble member band predictions. Members that
forecasted a band are denoted by an X for each case.
Member

25 Dec 2002

12 Feb 2006

14 Feb 2007

NAM-MM5
GFS-MM5
GFS-R2-MM5
SREF-N1-MM5
SREF-N2-MM5
SREF-P1-MM5
SREF-P1-KF-MM5
SREF-P2-MM5
NAM-WRF
GFS-WRF
GFS-Thom-WRF
SREF-N1-WRF
SREF-N2-WRF
SREF-P1-WRF
SREF-P1-KF-WRF
SREF-P2-WRF

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X

X

4. Sensitivity of band location to initial conditions
a. Method
A conclusive analysis of the sources of the forecast
uncertainty in each case is beyond the scope of this work.
Given that most members produced bands, our focus is
placed on the band location uncertainty. In recognition
that initial condition uncertainty fundamentally limits
predictability (e.g., Lorenz 1963), the ensemble evaluation is focused on the sensitivity of band location to the
initial conditions (ICs). The focus on IC uncertainty
necessitated using the six-member MM5 subensemble of
IC perturbed members.
A meteorological context for how the ICs affected the
band location in each case is explored by
1) examining the forecast evolution of the IC ensemble
means and spreads and
2) contrasting the forecast evolutions of members with
opposing outlier solutions. This approach allows an
overall view of the synoptic situation and associated
uncertainty, supported by detailed comparison of
outlier member evolutions within the context of the
IC subensemble mean and spread.

1) ENSEMBLE MEAN AND SPREAD
Upper- (475–250 hPa) and lower- (800–600 hPa) level
layer-average PV mean and spread were calculated. The
upper-level PV can be used to diagnose upper-level
troughs, ridges, and jets (Morgan and Nielsen-Gammon
1998), and is used to compare the evolution of the cases.
Such comparison is consistent with Novak et al. (2010),
who used the upper-level PV pattern to classify banded
cyclones. The lower PV includes diabatically generated

PV anomalies, which play an important role in the formation and evolution of mesoscale snowbands (e.g.,
Novak et al. 2009). Surface potential temperature anomalies and weaker anticyclonic PV anomalies are not examined. The PV analysis is conducted on the 36-km
domain to provide a synoptic-scale perspective upstream
of the band formation region.

2) OUTLIER MEMBERS
The forecast evolution of a member predicting the
band farthest northwest of the observed location is
contrasted with the forecast evolution of a member
predicting the band farthest southeast of the observed
location among the IC subensemble. Differences in the
upper-level PV evolutions between outlier members are
shown. In addition, the MSLP and simulated reflectivity
from each outlier member are also shown for reference.
The conclusive source of band location uncertainty
cannot be obtained by comparing opposing outlier solutions. The only way to objectively determine how an
IC error impacts a forecast metric is through formal
sensitivity analysis (e.g., Hakim and Torn 2007; Ancell
and Hakim 2007). We considered comparing means of
clusters of members, as in Zhang et al. (2010). However,
the relatively small number of members in the current
work (16 members) precludes a meaningful cluster comparison approach. Others working with smaller ensemble
datasets have compared ‘‘best’’ and ‘‘worst’’ members
(e.g., Hawblitzel et al. 2007; Schumacher 2011), but the
best and worst solutions are sensitive to element and
forecast projection (Bright and Nutter 2004). Thus, what
follows is a description of the evolution of two opposing
outlier members that have bands in different locations
using the previously described PV paradigm in Novak
et al. (2009, 2010). Such an analysis can highlight the
case-to-case variability in the meteorological uncertainties, and provide a meteorological context for how
IC uncertainty contributes to the band location uncertainty in each case.

b. Cases
1) 25 DECEMBER 2002
At the initialization time (19 h prior to observed band
formation) the largest spread (;0.6 PVU) in the 475–
250-hPa layer-averaged PV among the IC subensemble
was found along the downstream edge of PV anomalies
A and B in the southern plains (Fig. 5a). These anomalies corresponded to 500-hPa short-wave troughs (not
shown). As the anomaly complex moved east, the spread
on the downstream edge increased (Figs. 5b,c), suggesting east–west location differences in the anomalies. At lower levels (800–600 hPa), the initial PV spread
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FIG. 3. Summary of ensemble band predictions for the (left) 25 Dec 2002, (middle) 12 Feb 2006, and (right) 14 Feb 2007 cases. Ensemble
predictions are shown at the time of (a)–(c) and (d)–(f) observed band formation, (g)–(i) band maturity, and (j)–(l) band dissipation.

is small (,0.4 PVU) (Fig. 6a). However, the spread
grows along the coast during the 1200–1800 UTC 25
December 2002 period (Figs. 6b,c), as cyclogenesis occurs
(e.g., Fig. 1a) and moist processes become more active. The enhanced spread in northern New Jersey at
1800 UTC may be particularly important, as Novak et al.
(2009) showed through PV inversion that the lower-level

PV anomaly in northern New Jersey was responsible
for inducing a majority of the 700-hPa frontogenesis in
the band formation region. However, the existence and
location of the anomaly were largely dictated by the
upper-level PV evolution (Novak et al. 2009, their Fig. 9),
justifying the focus on the upper-level PV differences
analyzed below.
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FIG. 4. (a) Time series of the percentage of members forecasting a band during the 25 Dec 2002 case. The timing
and duration of the observed banded event is shown by a black bar at the top of the graph. (b) Ensemble distribution
of forecasted band duration (h). The observed duration is shown as an asterisk. (c),(d) As in (a),(b), but for the 12 Feb
2006 case. (e),(f) As in (a),(b), but for the 14 Feb 2007 case.

The SREF-N1-MM5 was the farthest northwest
member within the subensemble, whereas the GFS-MM5
was the farthest southeast member. Band predictions
from these members were separated by ;250 km at
the time of observed band maturity (2200 UTC 25
December; Fig. 7a). Band formation was 3 h earlier than
observed in the SREF-N1-MM5 solution, while it was just
1 h early in the GFS-MM5 solution (Fig. 7d).
Comparison of the MSLP initialization at 0000 UTC
25 December shows that the primary surface low over
Kentucky in the SREF-N1-MM5 was initialized 2 hPa
deeper than observed while the GFS-MM5 was initialized 1 hPa weaker than observed (Figs. 8a,d). Both
members initialized the low ;75 km too far north (cf.
Figs. 8a,d,g). During the subsequent 18-h forecast the
coastal low developed and became dominant. Both
members deepened the coastal low similarly, such that

by 1800 UTC 25 December the SREF-N1-MM5 and
GFS-MM5 members were within 1 hPa of each other.
However, the low position is ;100 km farther west in
the SREF-N1-MM5 than the GFS-MM5 (Figs. 8c,f),
which is consistent with the farther westward band location in the SREF-N1-MM5. The observed low was
5–6 hPa deeper and approximately equidistant between
the two solutions (Fig. 8i).
At 0000 UTC 25 December 2002, the initialized upperlevel PV anomaly A over northern Texas is ;0.5 PVU
stronger in the SREF-N1-MM5 analysis than the GFSMM5 analysis (cf. Figs. 9a,d). Additionally, the SREFN1-MM5 anomaly is ;50 km farther south than the
GFS-MM5 analysis. Note that differences (SREF-N1MM5 minus GFS-MM5) associated with anomaly A
are the largest within the entire 36-km domain at this
time (Fig. 9g). Farther north, over southeast Missouri,
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FIG. 5. Evolution of the 475–250-hPa PV mean (contoured every 1 PVU) and spread (shaded, PVU) of the six-member MM5 initial
condition subensemble over the 36-km domain for the (a)–(c) 25 Dec 2002, (d)–(f) 12 Feb 2006, and (g)–(i) 14 Feb 2007 cases. Select
upper-level PV anomalies are labeled.

anomaly B in the SREF-N1-MM5 is ;0.25 PVU stronger
than the GFS-MM5, possibly corresponding to a deeper
surface low in the SREF-N1-MM5 (i.e., Figs. 8a,d). Both
anomalies A and B are found within the area of maximum spread (Fig. 5a), suggesting these anomalies played
a key role in the band location uncertainty.
During the next 12 h the positive PV difference associated with anomaly A over Texas translated across the
Gulf coast as anomaly A moved east (Fig. 9h). However,
by 1200 UTC 25 December 2002, anomaly A (now centered over western North Carolina) in the SREF-N1MM5 solution became weaker and farther west than the
GFS-MM5 anomaly (Figs. 9b,e).
By 1800 UTC 25 December 2002 (18-h forecast), anomaly A in the SREF-N1-MM5 solution was nearly 1 PVU
weaker than the GFS-MM5 (Figs. 9c,f). Although both

solutions exhibit a PV hook, the eastern flank of the
hook in the SREF-N1-MM5 solution was ;100 km
farther west than the GFS-MM5 anomaly (Figs. 9c,f),
which is consistent with the farther west band solution.
The difference in location of the PV hook resulted in
a 2-PVU difference across New Jersey (Fig. 9i), and
occurred near the area of maximum spread in the IC
subensemble (Fig. 5c).
This case illustrates the importance of error growth on
time scales as short as 12–18 h, as the initial conditions
with the stronger and farther south PV anomaly (SREFN1) become the forecast with the weaker and farther
westward anomaly and associated farther westward snowband. Also, the differences in PV for the two members
grow in size and magnitude with time, illustrating growth
of the error (Figs. 9g–i).
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FIG. 6. Evolution of the 800–600-hPa PV mean (contoured every 0.5 PVU, starting at 1 PVU) and spread (shaded, PVU) of the sixmember MM5 initial condition subensemble over the 36-km domain for the (a)–(c) 25 Dec 2002, (d)–(f) 12 Feb 2006, and (g)–(i) 14 Feb
2007 cases. Select upper-level PV anomalies are labeled.

2) 12 FEBRUARY 2006
Comparison of the initialized upper-level PV at
1200 UTC 11 February 2006 (21 h prior to the observed
band formation) showed a notably more complex distribution than the initialization of the 25 December
2002 case. A broad, positively tilted PV tail extended
from the northeast United States into the Front Range
of the Rockies, and contained three embedded PV
anomalies: one in Colorado (A), another in northwest
Missouri (B), and an elongation across the lower Great
Lakes (C) (Fig. 5d). In general, the spread was larger
and covered a larger area than the 25 December 2002
case (Figs. 5a,d). As the anomaly complex moved east
over the next 24 h, anomalies B and C merged. Spread
increased on both the downstream and upstream edges

of anomaly B, and also upstream of anomaly A (Fig. 5e),
again suggesting east–west location differences. In contrast to upper levels, the initial spread of the lower-level
PV was relatively small (,0.4 PVU), and comparable
to the 25 December 2002 case (Figs. 6a,d). The spread
in PV grew modestly during the period, and the mean
lower-level PV was weak (Figs. 6d–f). Examination of
the individual members showed that the lower-level PV
anomalies were weak (;1.0 PVU), and did not amplify
in earnest until after 1200 UTC 12 February, consistent
with the ensemble timing error (e.g., Fig. 4c).
The GFS-MM5 was the farthest northwest member
within the IC subensemble, while the SREF-N1-MM5
was the farthest southeast member. Band predictions from
these members were separated by ;600 km at the time
of observed band dissipation (1800 UTC 12 February)
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FIG. 7. Observed (black solid) and forecast band locations from representative northwest (gray dashed) and
southeast (gray solid) outlier members at select times during the (a) 25 Dec 2002, (b) 12 Feb 2006, and (c) 14 Feb 2007
cases. (d)–(f) Corresponding comparison of observed (black solid) and predicted band duration from northwest (gray
dashed) and southeast (gray solid) members.

(Fig. 7b), when both members predicted bands. The
GFS-MM5 predicted band formation only 1 h late, but
it extended the band duration 5 h longer than observed
(Fig. 7e). The SREF-N1-MM5 had particularly poor
timing, with band formation occurring 9 h later than
observed, and a band duration 3 h shorter than observed
(Fig. 7e).
Comparison of the MSLP initialization at 1200 UTC
11 February shows that the SREF-N1-MM5 surface low

was ;200 km farther northeast and 2 hPa weaker than
the GFS-MM5 results (1011 versus 1009 hPa) (Figs. 10a,d).
Compared to the observations, the GFS-MM5 had a
better initialization of the surface cyclone, with a
nearly identical surface low location and pressure (cf.
Figs. 10a,d,g). The surface low in the SREF-N1-MM5
solution developed modestly while moving off the coast
(Figs. 10d–f). This solution quickly evolved away from
the observations (cf. Figs. 10d–f and 10g–i). In stark
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FIG. 8. Comparison of the MSLP and simulated reflectivity from the (a)–(c) SREF-N1-MM5 and (d)–(f) GFS-MM5 to (g)–(i) the observed
radar mosaic and NCEP surface analysis low position for the 25 Dec 2002 case.

contrast, the surface low in the GFS-MM5 solution deepened rapidly and occluded near the coast by 1200 UTC
12 February (Figs. 10a–c). The GFS-MM5 cyclone evolution was similar to the observed cyclone evolution (cf.
Figs. 10a–c and 10g–i).
Comparison of the corresponding initialized upperlevel PV at 1200 UTC 11 February 2006 shows large
differences in the locations of PV anomalies A, B, and C.
The difference field (GFS-MM5 minus SREF-N1-MM5)
shows that each of the anomalies was farther southeast
in the SREF-N1-MM5 solution (Fig. 11g). During the
next 12-h, anomaly B strengthened and broadened, while
anomaly C elongated to the northeast (Figs. 11b,e). Notably, anomaly B is stronger and extends farther southeast in the GFS-MM5 solution, resulting in a positive
difference centered over Alabama (Fig. 11h). This positive difference grew in size and amplitude over the next
12 h as it moved toward the coast, and was associated
with a stronger and farther northeastward anomaly B in

the GFS-MM5 solution (Figs. 11c,f,i). The stronger and
farther northeast position of anomaly B corresponded to
a stronger and farther north cyclone and associated
banding. Comparison of the difference fields reveals the
growth of the differences (Figs. 11g–i). In general, the
forecast differences between solutions in this case were
large, with local difference maxima exceeding 3 PVU.

3) 14 FEBRUARY 2007
The IC subensemble upper-level PV mean at initialization (15 h prior to band formation) exhibits a broad,
negatively tilted PV tail extending southeastward from
the northern plains into the southeast United States
(Fig. 5g). Within the PV tail, two embedded PV anomalies were centered near Georgia (A) and northeast
Missouri (B). The initial upper-level PV spread was
the smallest among the three cases, and was generally
,0.6 PVU. Over the next 18 h, anomaly A moved
northeast along the coast, well ahead of the primary upper
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FIG. 9. Comparison of the 475–250-hPa layered-average PV (shaded according to scale, PVU) evolution over the 36-km domain for the
(a)–(c) northwest (SREF-N1-MM5) and (d)–(f) southeast (GFS-MM5) members at 0000 UTC 25 Dec 2002 (initialization), 1200 UTC
25 Dec 2002 (12-h forecast), and 1800 UTC 25 Dec 2002 (18-h forecast). (g)–(i) Corresponding 475–250-hPa layered-average PV difference (SREF-N1-MM5 minus GFS-MM5).

trough (anomaly B) (Figs. 5g–i). Spread increased
downstream of each anomaly, but was generally ,1 PVU
by 1800 UTC 14 February 2007—the smallest spread in
the vicinity of the banding among the cases. At lower
levels the initial spread was comparable to the other two
cases (Fig. 6g); however, by forecast hour 12 a distinct
lower-PV anomaly is present off the Virginia coast. This
anomaly moved north along the coast over the next 6 h
(Figs. 6g–i). Although the spread associated with this
feature was relatively large (.1 PVU), the spread was
centered on the anomaly, suggesting differences in amplitude rather than location. The dominance of the lowerlevel PV and the lagging nature of upper-level anomaly
B in this case is consistent with the lagging uppertrough classification (Novak et al. 2010).

The GFS-MM5 was the farthest northwest member
within the IC subensemble, while the NAM-MM5 was
the farthest southeast member. Band predictions from
these members were only separated by ;100 km at the
time of observed band maturity (1800 UTC 14 February
2007) (Fig. 11c). The GFS-MM5 band duration and
timing were within 1 h of the observed, while the NAMMM5 predicted band formation 5 h late, and band duration was half the observed (4 h) (Fig. 7f).
The GFS-MM5- and NAM-MM5-analyzed surface lows
were nearly identical, with positions within 20 km of each
other and identical pressures (1003 hPa) (Figs. 12a,d). The
observed low was 1001 hPa, and was located in nearly
the same position (Fig. 12g). The forecast evolution of
the cyclone developed similarly in each member, such
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FIG. 10. Comparison of the MSLP and simulated reflectivity from the (a)–(c) GFS-MM5 and (d)–(f) SREF-N1-MM5 to (g)–(i) the
observed radar mosaic and NCEP surface analysis low position for the 12 Feb 2006 case.

that by 1800 UTC 14 February 2007 (18-h forecast) the
surface lows are both located just off the New Jersey
coast with pressures within 2 hPa of each other (Figs. 12c,f)
and within 1 hPa of the observed (Fig. 12i). During the
cyclone evolution, widespread convection (evidenced
by dBZ . 40 dBZ) was present in the simulations and
observations near the low center and along the trailing
cold front (Fig. 12).
Differences in the initialized upper-level PV at
0000 UTC 14 February 2007 for the two members were
small (;0.25 PV) (Fig. 13g), consistent with the relatively small MSLP differences. Differences 18 h into the
forecast were generally ,0.75 PVU and were associated
with a smaller separation distance between PV anomalies A and B in the GFS-MM5 solution compared to the
NAM-MM5 results (cf. Figs. 11c,f). Overall, differences in MSLP and upper-level PV are hard to discern
during the evolution of the 14 February 2007 case,
consistent with the small band location differences (e.g.,

Fig. 7c). However, the small differences over the Midwest and southeast United States did grow as anomalies A and B interacted during the 0000–1800 UTC
period.

c. Representativeness
To explore the representativeness of the opposing
outlier member evolutions, we compared the secondmost extreme northwest and southeast location solutions
among the IC subensemble. This analysis confirmed that
the key features identified by the previous analysis were
also present, but that the particular evolution of the shape
and magnitude of the PV anomalies could not be consistently related to band location differences (not shown).
In other words, although the key PV anomaly from
members with southeast (northwest) band solutions may
evolve to be farther east (west) in general, each member
may have different strengths and shapes of the key PV
anomaly.
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FIG. 11. Comparison of the 475–250-hPa layered-average PV (shaded according to scale, PVU) evolution over the 36-km domain for the
(a)–(c) northwest (GFS-MM5) and (d)–(f) southeast (SREF-N1-MM5) members at 1200 UTC 11 Feb 2006 (initialization), 0000 UTC
12 Feb 2006 (12-h forecast), and 1200 UTC 12 Feb 2006 (24-h forecast). (g)–(i) Corresponding 475–250-hPa layered-average PV difference
(GFS-MM5 minus SREF-N1-MM5).

5. Discussion and future work
a. Ensemble predictions
The results of this study show that even at forecast
projections ,24 h there can be considerable uncertainty
in the occurrence and, especially, the timing and location
of band formation and subsequent band evolution. For
example, band occurrence was favored in the ensemble
for each case, but the specific timing and location of the
bands among the members varied (especially in the 25
December 2002 and 12 February 2006 cases). This result
suggests that answering whether a band will occur during
a given case may be easier than answering when and
where it will occur, even for a relatively short forecast.
Even with this uncertainty, a 12-km grid-spacing ensemble

identified favored time periods and corridors of band
formation threat (e.g., Figs. 3a–c). The current (as of
2011) operational NCEP SREF grid spacing (;30 km)
precludes obtaining such information.
Although limited to three cases, the results also demonstrate that a 16-member multimodel ensemble at
12-km grid spacing using different initial conditions and
physics may be able to provide useful information on the
magnitude of this uncertainty and, thus, help differentiate
between a case with high predictability (14 February
2007) and much lower predictability (12 February 2006).
Such ensemble systems may help forecasters communicate corresponding unusually high or low confidence of
band evolution scenarios. Additional cases are necessary
to establish whether this kind of mesoscale ensemble
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FIG. 12. Comparison of the MSLP and simulated reflectivity from the (a)–(c) GFS-MM5 and (d)–(f) NAM-MM5 to (g)–(i) the observed
radar mosaic and NCEP surface analysis low position for the 14 Feb 2007 case.

prediction system can reliably discriminate the case-tocase variability in band predictability.
Although the ensemble provided useful uncertainty
information, the observed timing of the band formation
fell outside the ensemble envelope in the 12 February
2006 case. These errors may be symptomatic of an underdispersive ensemble system (e.g., Stensrud et al. 2000;
Grimit and Mass 2002; Jones et al. 2007). Correcting
model deficiencies and applying improved perturbation approaches are likely necessary steps to achieve an
ensemble system that produces reliable and sharp distributions of band characteristics. Increasing the ensemble system resolution to convection-allowing scales
(i.e., ,4 km) may also improve snowband prediction, as
demonstrated for warm season convection over the central United States (Clark et al. 2009, 2010a) and tropical
cyclone rainfall (e.g., Zhang et al. 2010). The development and testing of such convection-allowing ensemble systems and their utility to provide feature-based

uncertainty information for cool-season phenomena
in a real-time forecast environment is encouraged.
Additional cases are required to assure that the results
presented here are representative of a larger sample of
banded cyclones, and that the assumed ensemble skill–
spread relationship is valid. For example, the case with
the shortest lead time (15 h in the 14 February 2007
case) had the smallest spread, whereas the case with the
longest lead time (21 h in the 12 February 2006 case) had
the largest spread. Although it seems unlikely that the
6-h difference in initialization could be the primary reason for the difference in spread, a larger dataset of cases
could help establish the expected skill for particular lead
times. Furthermore, the observed cases examined in this
study were known to exhibit band formation. Application
of the ensemble system to observed nonbanded (null)
cases [e.g., as defined and analyzed in Novak et al. (2010)]
may reveal false alarms, where the ensemble exhibits
a high probability of band formation, yet formation does
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FIG. 13. Comparison of the 475–250-hPa layered-average PV (shaded according to scale, PVU) evolution over the 36-km domain for
the (a)–(c) northwest (GFS-MM5) and (d)–(f) southeast (NAM-MM5) members at 0000 UTC 14 Feb 2007 (initialization), 1200 UTC
14 Feb 2007 (12-h forecast), and 1800 UTC 14 Feb 2007 (18-h forecast). (g)–(i) Corresponding 475–250-hPa layered-average PV difference
(GFS-MM5 minus NAM-MM5).

not occur. Additionally, predictions at longer forecast lead
times are necessary to establish current practical predictability limits of snowbands in northeast U.S. cyclones.
The location and timing diagnostics (i.e., Figs. 3 and 4)
illustrate the type of band uncertainty information possible from a 12-km grid-spacing ensemble. This information is unavailable from the current generation of
regional operational ensemble systems. However, as the
operational NCEP SREF evolves toward 12-km grid
spacing (J. Du 2010, personal communication), featurebased mesoscale uncertainty information, such as that
demonstrated here, may become available operationally.
Such feature-based ensemble information was noted as
a forecaster need in a recent National Weather Service–
sponsored survey, as reported by Novak et al. (2008a).
The subjectivity of band identification limits the approach

here to a demonstration. However, the use of objectoriented approaches (e.g., Davis et al. 2006) to identify
and track band predictions in an objective manner may
lead to automating the band identification process. Automated band identification may accelerate the real-time
application of SREFs for band predictions, and foster
a more probabilistic approach to the band prediction
problem.

b. Sensitivity of band location to initial conditions
Comparison of the patterns of forecast evolution of
members with opposing outlier solutions of band location within the IC subensemble shows significant caseto-case variability in the meteorological uncertainties
among the three cases examined. A critical question is
why one case may be more predictable than another.
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The quality of the initial conditions is likely a key factor
affecting predictability. Among the three cases, large
(small) initial differences in the upper-level PV distribution were correlated to large (small) differences in forecast band locations. The PV differences were closely
associated with PV anomalies, suggesting the initialized
details of the anomalies (i.e., short waves) are important
for the subsequent band forecast. This result is consistent
with those of Zhang (2005), who showed in his case that
the maximum error growth is found in the vicinity of
upper-level and surface zones, with the strongest PV
gradient over the area of active moist convection. This
result is also similar in general to Schlemmer et al. (2010),
who found that the representation of the details of PV
streamers affected the stability, moisture flux, and orographic forcing for precipitation events along the south
side of the Alps. Thus, targeted improvements in the
initialization of key PV anomalies may improve band
location predictions.
The analysis in this paper focused on short-term forecasts and the associated regional errors. However, remote
upstream errors (e.g., over the Pacific) may also contribute to cyclone predictability via downstream development (Szunyogh et al. 2002; Hakim 2005; Chang 2005;
Colle and Charles 2011). The relative importance of
larger-scale upstream initial condition errors versus local
initial condition errors in cyclone (and associated precipitation) predictability is an open question.
The limited case examples also suggest that the complexity of the synoptic pattern (number of interacting
PV anomalies) may be another factor associated with
the case-to-case differences in predictability. For example, the 25 December 2002 case exhibited at most
two PV anomalies and associated difference maxima
in the domain, while the highly uncertain 12 February
2006 case exhibited at least three PV anomalies and
associated difference maxima. Hakim et al. (1996) suggest that predicting PV interactions is an inherently difficult challenge.
The growth of differences between solutions was evident, consistent with previous mesoscale predictability
research (e.g., Zhang et al. 2003; Zhang et al. 2007;
Hohenegger and Schär 2007). Diabatic heating associated with deep convection has been established to be
important to extratropical cyclone development and associated precipitation (e.g., Davis et al. 1993; Dickinson
et al. 1997; Mahoney and Lackmann 2007), and has been
shown to contribute to nonlinear error growth and reduced predictability (Zhang et al. 2007; Clark et al. 2010b;
Hohenegger et al. 2006; Hohenegger and Schär 2007;
Baxter 2011). Thus, could the large uncertainty in the 12
February 2006 event be attributed to the presence of deep
convection along the Gulf and southeast U.S. coasts?
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Radar images show that although convection was present, it was not widespread (Fig. 10). In contrast, the 14
February 2007 case exhibited active convection throughout its life cycle (Fig. 12), yet exhibited the least band
location spread. Thus, the degree of convection associated with each system does not discriminate between the
band uncertainty for these three cases.
Overall, the results suggest that predictability differences in band location among the cases can be related to
the quality of the initial conditions and the complexity of
the initial flow, whereas predictability differences were
not correlated to the degree of convection. Although initial condition sensitivity was emphasized in this work,
sensitivities to model core, physics, and lateral boundary
conditions likely also contribute to band location uncertainty. This contribution likely varies on a case-by-case
basis. Future work should explore these sensitivities.
Despite the short-time ranges (,24 h), the sign of the
initial location and magnitude errors of the key upperlevel short waves do not necessarily translate into similarly signed errors in forecast band location. For example,
the farther south and stronger PV anomaly initialized
at 0000 UTC 25 December 2002 in the SREF-N1-MM5
later evolved to be weaker and farther east. The intrinsic
nonlinear nature of the atmosphere and model error may
contribute to this result. Thus, forecasters assuming location and magnitude errors in the initial fields will
translate into similarly signed errors in short-range forecasts of band location may be mistaken. However, the
SREF-N1-MM5 solution in the 12 February 2006 case
illustrates that egregious errors in the initial fields (surface low 200 km southwest of the observed) can be used
to help forecasters hedge away from the subsequent
forecast. On the other hand, this approach does not account for the nonlinear effects of model and physics errors, which may allow a poorly initialized forecast to
‘‘self-correct’’ later in the evolution (e.g., Bright and
Nutter 2004).
Only northwest–southeast band location differences
were qualitatively explored. Sensitivities in band timing and occurrence also need to be examined. For example, Novak et al. (2010) found that statistically significant
differences between the midlevel frontogenesis maximum of the banded and null events only appeared ;2 h
prior to band formation. The simplified approach and
limited ensemble size employed in this work precluded
a more comprehensive examination of these aspects of
band predictability. However, future work using objective ensemble sensitivity approaches (e.g., Bishop et al.
2001; Hakim and Torn 2007; Ancell and Hakim 2007)
may help to conclusively identify the sources of band
formation and evolution uncertainty in a systematic and
comprehensive way. Ensemble sensitivity estimates how
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any arbitrary perturbation at a single point, spread spatially by the covariance relationships of the ensemble,
would alter the response function (precipitation in this
case). This property allows ensemble sensitivity to identify areas requiring additional observations, and show
forecasters meteorological features like fronts or upperlevel troughs (i.e., PV anomalies), which may most directly affect the band forecast. This knowledge has the
potential to increase a forecaster’s situational awareness
of band uncertainties and ultimately improve band
predictions.
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