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ABSTRACT

On 17 March 1989, moderate to heavy snow developed in a 100- to 200-km-wide band extending from
South Dakota to northern Michigan. The 4- to 8-inch snowfall within this band was not associated with major
cyclogenesis, and developed 500 to 600 km north of a stationary surface front. A diagnostic analysis based on
an application of the General Metcorological Package (GEMPAK 5.0) to a numerical simulation from the
operational nested-grid model (NGM ) is utilized to show that the development of this snow band is related to
the interaction of two upper-tropospheric jet streaks and their associated transverse circulation patterns. The
eastward propagation of a jet streak from the West Coast toward the middle United States and to the south of
a slower-moving jet along the U.S.~Canadian border led to a merger of the ascent maxima associated with the
direct and indirect circulations of the northern and southern jets, respectively. The snow band developed as the
ascending branches of the jet-streak circulation patterns merged, with the eastward propagation of the heaviest
snow linked to the motion of the coupled circulation pattern. The study also demonstrates the usefulness of
the operational NGM for providing the higher-resolution datasets required to relate the evolution of jet-streak

VOLUME 7

Diagnosing Coupled Jet-Streak Circulations for a Northern Plains Snow Band

circulation patterns to the development of mesoscale precipitation bands.

1. Introduction

With the advent of numerical models that produce
dynamically consistent datasets, research meteorolo-
gists are now using numerical model output for diag-
nostic case studies (Keyser and Uccellini 1987), a trend
that is beginning to carry over into the operational
community as well (Dunn 1991). Keyser and Uccellini
emphasize that the use of numerical models is acting
to rejuvenate and redefine synoptic meteorology by
providing datasets with high temporal and spatial res-
olution that can be used to describe sequential processes
leading to significant weather events. As an example,
model-based datasets produced by research models
have been used in combination with analyses of ob-
served data to diagnose the nonlinear physical inter-
actions that contribute to cyclogenesis and the asso-
ciated evolution of the vertical motion and attending
weather patterns (see, e.g., Chang et al. 1982; Uccellini
et al. 1987; Whitaker et al. 1988).

Numerical models also provide a means for diag-
nosing vertical motions that are related to the full set
of primitive equations and complement those derived
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from the application of the guasigeostrophic (QG)
omega equation. The popular use of the omega equa-
tion arose out of the many difficulties associated with
estimating vertical motion in the atmosphere. As re-
viewed by Durran and Snellman (1987), synoptic-scale
vertical motions derived from the traditional form of
the omega equation are related to the vertical derivative
of vorticity advection and the horizontal Laplacian of
thermal advection. They note the problems associated
with the application of these concepts in an operational
environment, since relating each term to the vertical
motion involves computing /estimating either a vertical
derivative or a Laplacian. Furthermore, there tends to
be internal cancellation between these two terms. Given
this problem, Durran and Sneilman recommend the
use of Q@ vectors or the advection of vorticity by the
thermal wind to provide an estimate for the vertical-
motion pattern.

The Q-vector approach is formulated from a form
of the QG omega equation (Hoskins et al. 1978) in
which the convergence (divergence) of the @ vectors
is directly related to ascent (descent) over a deep layer.
The application of Q vectors has become increasingly
popular in diagnosing QG vertical motion patterns (see,
e.g., Barnes 1985, 1986; Gyakum 1987; Sanders and
Hoskins 1990). As discussed by Dunn (1991), Q vec-
tors, as well as other diagnostic computations per-



MARCH 1992

formed on gridded model data, could aid the opera-
tional forecasters to estimate regions of vertical motion
and interpret model forecasts. Although the Q-vector
approach may direct the forecaster’s attention toward
the location of ascent and descent patterns, questions
remain concerning the use of these vertical-motion es-
timates rather than the vertical-motion patterns pro-
duced directly by the model.

In this paper, the National Meteorological Center’s
(NMC) operational nested-grid model (NGM), as de-
scribed by Hoke et al. (1989), is used to study the
development of a narrow band of heavy snow that oc-
curred in the Northern Plains and Great Lakes region
of the United States on 17 and 18 March 1989 and the
relationship of this snow band to the jet-streak circu-
Jation patterns that marked this case. The purposes of
this paper are 1) to use a model-based diagnostic study
to gain insight into how the transverse circulations as-
sociated with separate jet streaks can merge to focus a
region of ascent that, in turn, contributes to the rapid
development of the narrow snow band; 2) to demon-
strate the ability of the NGM to simulate transverse
circulations in the exit and entrance regions of jet
streaks; and 3) to illustrate the coherent nature of the
operational NGM model output, including the vertical
motion, ageostrophic wind, and associated wind-di-
vergence fields.

A brief review of jet-streak concepts and their rela-
tionship to various storm events is presented in section
2. A description of the 17-18 March 1989 case is pro-
vided in section 3, with the NGM-based diagnostic
analysis discussed in section 4. This diagnostic study
represents the first application of an updated version
of the General Meteorological Package (GEMPAK
version 5.0), developed at NASA/Goddard Space
Flight Center, to gridded datasets produced by the
NGM. The relationship of the jet-streak circulation
patterns to traditional QG diagnostic computations are
described in section 5, with a summary and concluding
remarks provided in section 6.

2. Background on jet-streak concepts

As reviewed by Uccellini ( 1990), there are numerous
studies that relate jet-streak—induced transverse cir-
culations and their associated vertical-motion patterns
to a wide range of convective and winter storms. In
one such study, Cahir (1971) utilizes a two-dimen-
sional model to relate jet streaks to the development
of several mesoscale precipitation systems, including
those that produce narrow bands of moderate-to-heavy
rain that extend lengthwise 102 to 10> km. Uccellini
and Kocin (1987) rely on operational radiosonde data
to diagnose transverse circulations in the exit and en-
trance regions of jet streaks accompanying several ma-
jor snowstorms along the East Coast of the United
States. In these cases, they found that the ascending
branch of a thermally direct circulation in the entrance
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region of a jet streak over the northeast United States
appears to become collocated with the ascending
branch of a thermally indirect circulation in the exit
region of a jet streak over the south-central United
States (Fig. 1). Vertical motions appear to be locally
enhanced by the merger of the ascending branches of
the two jet streaks, contributing to the heavy snowfall
that accompanies these storms. Since Uccellini and
Kocin’s study was based on operational 12-h rawin-
sonde data, only a single analysis of the circulation
pattern was possible for each case, due to the poor spa-
tial and temporal resolution of the database, a problem
that is compounded by a lack of observations over the
oceans.

There is increasing evidence for the important role
of the dual jet-streak pattern in locally enhancing the
vertical motion, precipitation rates, and even the de-
velopment rates associated with cyclones in regions
other than the East Coast of the United States. Using
a set of numerical simulations, Velden and Mills (1990)
demonstrate that the configuration of jet streaks that
collocate the cyclonic exit region of one jet streak with
the anticyclonic entrance region of another contributed
to a rapidly developing cyclone in southern Australia
and also to the heavy precipitation associated with that
storm. Crochet et al. (1990) use observations from a
clear-air Doppler radar to measure the vertical-velocity
field associated with the great 15 October 1987 storm,
which devastated portions of the United Kingdom.
Their analysis of the radar data reveals that the largest
values of upper-tropospheric ascent corresponded to
the time interval when the anticyclonic entrance region
of one jet streak located to the north of the cyclone
and the cyclonic exit region of the jet streak located to
the south of the storm were superimposed over the
radar site. They conclude that these unique observa-
tions were consistent with the superposition of the
ageostrophic transverse circulations associated with the
dual jet-streak pattern.

There is also increasing acceptance by forecasters of
the importance of jet-streak circulation patterns in
contributing to heavy precipitation events throughout
the United States. Funk’s (1991) review of the fore-
casting techniques employed in the Forecast Branch
of the NMC cites the role of the dual-jet pattern in
focusing heavy precipitation. This pattern is also noted
by Belville and Stewart (1983) in their description of
heavy rainfall events in Louisiana. Similar results were
also recently described by Junker et al. (1990) in their
analyses of mesoscale convective systems in the central
United States.

The present effort extends the Uccellini and Kocin
(1987) study of East Coast snowstorms, in that oper-
ational model data, rather than rawinsonde observa-
tions, are used to study the role of jet-streak circulations
in the development of a snow band over the north-
central United States. In addition to locating jet-streak
circulations, the use of the archived operational model
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FIG. 1. Three-dimensional schematic of jet-streak circulation patterns during East Coast
snowstorms ( from Uccellini and Kocin 1987).

data permits analyses of the circulations at 6-h intervals.
With the increased spatial and temporal resolution of-
fered by the model-generated data, the evolution and
interaction of the transverse circulations can be traced
more effectively than what is possible using only the
12-h rawinsonde database. As will be shown, the op-
erational model forecast was not perfect for this case.
However, the predicted precipitation patterns, as well
as surface and upper-level fields, were quite similar to
those observed, rendering these model simulations
suitable for a synoptic/diagnostic analysis.

3. Case description

a. Surface features

On 17 March 1989, arctic air moved southward into
the north-central United States as a surface cyclone
developed to the lee of the Rocky Mountains in Col-

orado and Wyoming. By 0600 UTC 17 March, an
easterly flow of cold air was directed toward the surface
low, north of an arctic front that extended from Kansas
eastward to the Ohio Valley region (Fig. 2a). At this
time, a narrow band of moderate snow developed
within the surface anticyclone in South Dakota, ex-
tending eastward to southern Minnesota. By 1200 UTC
17 March (Fig. 2b), the narrow east-west band of
moderate-to-heavy snowfall remained quasi-stationary
approximately 600 to 700 km north of the front. The
snow band extended eastward into the Great Lakes
region, as the lee cyclone remained in eastern Colorado
and a separate surface low developed along the front
in southwest Kansas. By 1800 UTC 17 March (Fig.
2¢), the east—-west band of moderate-to-heavy snow
continued to persist well north of the surface front.
The newly formed cyclone moved to eastern Kansas,
with cold air surging south along the front range of the
Rockies and an elongated anticyclone remaining in the
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FIG. 2. Subjectively analyzed sea level pressure (mb) and surface frontal analysis with reporting station wind observations (half barb
=25ms™, full barb = 5 m s™") for (a) 0600 UTC 17 March 1989; (b) 1200 UTC 17 March 1989; (¢) 1800 UTC 17 March 1989; (d)

0000 UTC 18 March 1989. Shading represents areas of snowfall.

northern Plains in the vicinity of the snow band. By
0000 UTC 18 March (Fig. 2d), the weak surface low
was moving into Illinois as the area of moderate-to-
heavy snow continued moving eastward into southern
Canada, well north of the surface front.

The 6-hourly snowfall charts (Fig. 3) reflect the rapid
development and eastward extension of the narrow
snow band. Between 0000 and 0600 UTC 17 March,
only an inch of snow was reported in central South
Dakota (Fig. 3a). By 1200 UTC 17 March, over 2
inches of new snow were observed in the narrow band
from South Dakota into northeast Wisconsin, with a
maximum of 5 inches of snow reported in Huron,
South Dakota, during the 6-h period (Fig. 3b). This
region of heavy snow extended eastward into north-
central Wisconsin during the next 6 h (Fig. 3c), reach-
ing central Michigan during the subsequent 6 h (Fig.
3d) approximately 500 km to the northeast of the weak
surface low, which developed in Kansas and moved
eastward to Illinois by 0000 UTC 18 March.

b. Upper-level features

An interesting aspect of this case is the development
of the snow band near the center of the anticyclone
located in Minnesota at 0600 UTC 17 March (Fig.
2a), 600 to 700 km north of the surface front. The
850-, 700-, and 500-mb temperature analyses for 0000
and 1200 UTC 17 March (Fig. 4) indicate that the
front slopes northward with height, located to the south
of the snow band at 850 mb, near the snow band at
700 mb, and well to the north of the snow band at 500
mb at 1200 UTC 17 March. To the south of the western
portion of the snow band, the temperature gradient
increased at 500, 700, and 850 mb between 0000 and
1200 UTC, as represented by the temperature changes
at Rapid City (RAP), North Platte (LBF), and Dodge
City (DDC) in Fig. 4. Across the eastern portion of
the snow band, the magnitude of the temperature gra-
dient decreased between 0000 and 1200 UTC [as rep-
resented by the decreasing temperature gradient at 500
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F1G. 3. Six-hourly accumulated snowfall (inches) for (a) 0000-0600 UTC 17 March; (b) 0600-1200 UTC 17 March 1989;
(c) 1200-1800 UTC 17 March 1989; (d) 1800 UTC 17 March-0000 UTC 18 March 1989.

and 700 mb between Saint Cloud (STC) and Omaha
(OMA), and Green Bay (GRB) and Peoria (PIA) in
Fig. 4], while the frontal zone in that region shifted
slightly northward. Thus, as viewed from a Eulerian
perspective, the 12-h period during which the snow
band developed was marked by a somewhat compli-
cated pattern of frontogenesis to the south and west of
the snow band and weak frontolysis within the band
itself.

The upper-level flow regime for this case was marked
by the presence of two separate, nearly straight jet
streaks, located near the 300-mb level (Fig. 5). One
jet, with maximum wind speeds in its core exceeding
70 m s~', was located over extreme southern Canada
and propagated through the Great Lakes region by 1200
UTC 17 March (Fig. 5¢). The other jet streak, with
an elongated region of maximum winds approaching
60 m s~!, propagated eastward from the Pacific Coast
toward the Midwest. The exit region of the southern
jet streak was located over the central United States by
1200 UTC 17 March (Fig. Se), within 700 km of the
well-defined entrance region of the northern jet over
the Great Lakes at 0000 UTC 18 March (Fig. 5g).
Ascent associated with these jet streaks can be approx-
imated by the advection of cyclonic absolute vorticity
(CVA) in the exit region of the southern jet streak,
which can be inferred from the height, isotach, and
vorticity analyses in Fig. 5. Use of the 300-mb level

for this cursory examination is justified since, as will
be shown in section 5, the vorticity advection was in-
creasing with height through a major portion of the
troposphere beneath the level of maximum winds that
marked these jet streaks.

Another indication of the ascent associated with the
jet streaks is the evolution of the 850-mb wind and
thermal fields (Fig. 6) and the associated temperature
advection patterns. Between 0000 UTC and 1200 UTC,
a distinct southerly low-level jet (LLJ) developed in
southeast Kansas with the flow directed at an angle to
the isotherms over Kansas and Nebraska during the
period (Figs. 6¢c-f). This LLJ was located beneath the
exit region of the southern jet and directed toward the
entrance region of the northern jet streak. The devel-
opment of the LLJ reflects a low-level response to the
upper-level divergence associated with jet streaks
(Uccellini and Johnson 1979; Uccellini et al. 1987;
Uccellini and Kocin 1987), which in this case is re-
flected by the 300-mb CVA in the central United States
(Fig. 5f) and the 300-mb divergence predicted by the
NGM for the same area (see Fig. 9d). This same basic
pattern continued during the next 12 h (Figs. 6g,h) as
the upper-level jets propagated eastward and the LLJ
(and associated 850-mb warm-air advection) propa-
gated toward the Great Lakes region. Another impor-
tant effect of the LLJ is the northward transport of
moisture (as illustrated by the shading in Figs. 6a,c,e.g)






