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ABSTRACT

The Pennsylvania State University-NCAR Mesoscale Model is used to examine the structure and dynamics
of three low-level jets (LLJs) observed during the second intensive observation period of the Genesis of Atlantic
Lows Experiment: 1) a Piedmont LLJ along the east slope of the Appalachians, 2) a coastal LLJ (the focus of
this study) along the Carolina coastline, and 3) an LLJ to the rear of a cold-frontal system positioned over the
Gulf Stream. Geostropbic forcing was important for the formation of the LLJs. Shallow local baroclinity near
the top of the cold dome associated with the cold air dammed to the east of the Appalachian Mountains forced
the Piedmont LLJ. An analysis of the model momentum tendencies reveals that the coastal LLJ developed and
was maintained by strong geostrophic forcing associated with the coastal baroclinic zone, and its strength was
modulated by strong inertial accelerations. Significant horizontal structure in the coastal LLJ developed during
the daytime as a result of the different vertical mixing properties associated with continental and maritime
parcel source regions.

Mode! sensitivity experiments indicate that diabatic processes substantially influence the evolution of the
coastal and cold-frontal LLJs. Latent heating associated with banded precipitation over the Gulf Stream to the
rear of the front was the primary forcing mechanism for the frontal LLJ. Sensible heating within the marine
atmospheric boundary layer acted to enhance the coastal baroclinic zone and low-level geostrophic forcing, and
to subsequently strengthen the coastal LLJ. Cold-air damming and strong lower-tropospheric sensible and latent
heating in the vicinity of the Gulf Stream, which frequently occur during autumn and winter months along the

East Coast, combine to produce a favorable mesoscale environment for LLJ formation with a wind direction

parallel to the coastline.

1. Introduction

The Carolina coastal region of the United States is
the setting for the development of a multitude of win-
tertime mesoscale boundary-layer phenomena. Coastal
fronts (Bosart et al. 1972; Bosart 1975), coastal troughs
(Doyle and Warner 1990), marine atmospheric
boundary-layer (MABL) fronts (Warner et al. 1990;
Doyle and Warner 1993a), low-level jets (Uccellini et
al. 1987; Sjostedt et al. 1990; Doyle and Wamer 1991),
confluent-diffluent wind signatures (Riordan 1990),
cold-air damming ( Baker 1970; Richwein 1980; Forbes
et al. 1987), Guif Stream convective rainbands (Hobbs
1977; Trunk and Bosart 1990), and coastal cyclones
(Austin 1941; Petterssen 1956; Colucci 1976) are ex-
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amples of mesoscale circulations often observed in this
region that are strongly influenced by the processes
taking place at the ocean-atmosphere interface. The
abundance of mesoscale phenomena in the Carolina
region can be attributed to the favorable environment
created by the proximity of the Appalachian Moun-
tains, the coastline, and the warm waters of the Gulf
Stream.

The low-level jet (LLJ) is one mesoscale phenom-
enon that frequently develops within the baroclinic
zone along the Carolina coast and often has an im-
portant effect on coastal cyclogenesis (Kocin and
Uccellini 1990). Bonner’s (1968 ) LLJ climatology for
the United States indicates a prominent area of LLJ
occurrence over the Great Plains and a secondary fre-
quency maximum along the North Carolina coast.
Sjostedt et al. (1990) examined 5 years of pilot balloon
observations from three sites in eastern and central
North and South Carolina. They found that the Car-
olina LLJ is typically nocturnal with a wind direction
parallel to the coastline. Moreover, the climatological
data for all three sites indicate that the preferred wind
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direction at the jet level is predominantly from the
north or east during the autumn and winter months.
In this paper, we extend Doyle and Warner’s (1991)
one-dimensional ( 1D) modeling study of a wintertime
northeasterly LLJ observed during the intensive ob-
servation period (IOP) 2 of the Genesis of Atlantic
Lows Experiment (GALE), by using a three-dimen-
sional (3D) version of the Pennsylvania State Univer-
sity—National Center for Atmospheric Research (PSU-
NCAR) Mesoscale Model to examine further the
structure and dynamics of this climatologically signif-
icant mesoscale phenomenon. Three separate north-
easterly boundary-layer LI.Js located in the Carolina
region are examined in this GALE IOP 2 study. One
low-level wind maximum is positioned just to the east
of the Appalachians in the Piedmont region, and is
referred to here as the Piedmont LLJ. The coastal LLJ
is confined to the coastal region, and a third low-level
wind maximum, the cold-frontal LLJ, is located to the
rear of an offshore cold front. The focus of this study
is on the coastal LLJ, because of both its interesting
diurnal and horizontal variations and the existence of
mesoscale rawinsonde data that are used for model
verification in the area.

A rather large spectrum of atmospheric processes
have been proposed in the literature as responsible for
LLJ formation. A subset of these dynamic mechanisms
involves lower-tropospheric forcing. Blackadar (1957)
attributed the nocturnal LLJ development in the Great
Plains to the supergeostrophic flow that occurs when
the ageostrophic wind component undergoes an inertial
oscillation, as the flow at sunset becomes decoupled
from the surface frictional stress. The inertial oscillation
has been hypothesized as an important dynamic
mechanism for LLJ formation in numerous locations,
including the Great Plains of the United States (Black-
adar 1957; Parish et al. 1988), Australia (Brook 1985),
New Zealand (Goulter 1989), and Germany (Kraus
et al. 1985). Wexler (1961) concluded that the Great
Plains LLJ develops as a result of the northward de-
flection of the easterly flow by the Rocky Mountain
chain. Numerous investigators have noted the impor-
tance of cold air dammed to the east of the Appala-
chians for the formation of LLJs in the Piedmont region
(Forbes et al. 1987; Stauffer and Warner 1987; Bell
and Bosart 1988). Other studies have emphasized the
importance of the development of a nocturnal low-
level geostrophic wind maximum as a result of the
diurnal heating and cooling over sloping terrain (Hol-
ton 1967; Paegle and Rasch 1973; Zeman 1979,
McNider and Pielke 1981). Uccellini (1980) hypoth-
esized that the Great Plains LLJ typically develops as
a result of the isallobaric forcing associated with leeside
troughing and upper-level mass adjustments in the vi-
cinity of jet streaks, rather than from the diurnally os-
cillating pressure gradient along sloping terrain or the
retrogression of the subtropical high.

The shallow baroclinity that often is present near
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coastal regions has been shown to contribute to the
development of LLJs that typically have a direction
parallel to the coastline and are confined to the bound-
ary layer. Cold-water upwelling, which often occurs
along the western portions of continents, can result in
strong low-level baroclinity and LIJ development
(Zemba and Friche 1987; Enfield 1981). Dickinson
and Neuman (1982), Gerber et al. (1989), McNider
et al. (1982), and Mizzi and Pielke (1984 ) studied the
dynamics of coastal LLJs and found land-sea temper-
ature contrasts to be important. For the southeast coast
of the United States, Doyle and Warner (1991) used
a 1D planetary boundary-layer model to show that a
specific low-level geostrophic wind profile associated
with coastal baroclinity is necessary for the formation
of a Carolina coastal LLJ during GALE IOP 2, The
nature of the dynamic forcing for the low-level geo-
strophic maximum could not be conclusively identified
using the 1D model, however. For the same case, Doyle
and Warner (1993a) found that the intensity and
structure of the Carolina LLJ was sensitive to the sea
surface temperature distribution, which had an im-
portant influence on the strength of the coastal baro-
clinic zone. Uccellini et al. (1987) hypothesized that
a coastal I.LLJ, with a direction oriented across the
coastline, developed as a result of the horizontal and
vertical displacement of air parcels in the vicinity of a
shallow coastal front.

A number of studies have attributed the develop-
ment of LLJs to the mass adjustments associated with
upper-level jet streaks. Uccellini (1980) examined 15
cases of LLJs in the Great Plains, and found that in 12
of the cases the mass adjustments associated with the
exit region of a jet streak resulted in LLJ formation.
Also, Uccellini and Johnson (1979), Uccellini et al.
(1987), and Lapenta and Seaman (1990) note the im-
portance of transverse circulations in the vicinity of
upper-level jet streaks and associated mass adjustments
in the development of LLJs in a variety of synoptic-
scale and mesoscale environments. LLJs forced by up-
per-level jet streaks may extend significantly above the
planetary boundary layer and, in coastal zones, may
have a wind direction that is at a significant angle to
the coastline (Uccellini et al. 1987; Kocin and Uccellini
1990; Lapenta and Seaman 1990). Sjostedt et al.
(1990), in the climatological study discussed previ-
ously, found that the Carolina LLJ frequently develops
on the anticyclonic shear side of a 300-mb jet streak.
They conclude that upper-level jet streaks are a primary
forcing mechanism for the Carolina LLJ. However,
questions regarding specific forcing responsible for the
frequency maximum near the Carolinas, and the strong
preference for LLJ wind directions parallel to the coast,
still need to be addressed.

The goal of this paper is to extend the work of Doyle
and Warner (1991) by providing a more general un-
derstanding of the three-dimensional synoptic-scale and
mesoscale dynamics that govern the LLJ formation
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during GALE IOP 2. The detailed structure and dy-
namics of the Carolina coastal LLJ investigated in this
study provide additional insight into the climatological
jet frequency maximum along the Carolinas. In this
paper, a high-resolution 3D mesoscale model is used
to examine 1) the mechanisms responsible for the hor-
izontal and vertical variations in the coastal LLJ struc-
ture, especially in data-sparse regions such as offshore,
2) the role of local synoptic-scale and mesoscale pro-
cesses in the development and maintenance of the
lower-tropospheric geostrophic forcing, 3) the domi-
nant dynamic forces that govern the acceleration of
air parcels in the vicinity of the coastal LLJ, and 4)
the importance of diabatic processes in the formation
of the coastal baroclinic zone and the LLJ. A brief
observational summary of the GALE IOP 2 coastal
LLJ is presented in section 2. Section 3 contains the
model description and experimental design. The results
are presented in section 4 and the summary and con-
clusions are contained in section 5.

2. Case description

A detailed description of the synoptic-scale and me-
soscale conditions and observations of the LLJ during
GALE IOP 2 can be found in Doyle and Warner
(1991). The structure and dynamics of the GALE IOP
2 coastal front are discussed in Riordan (1990) and
Doyle and Warner (1990, 1993b). The GALE field
program and observing systems are described in Dirks
etal. (1988) and Raman and Riordan (1988). During
the 12-h period following 1200 UTC 23 January 1986
(12/23), the low-level wind speeds accelerated along
the Carolina coastal plain, and the coastal LLJ was
clearly evident by 00/24. At this time a surface cold-
frontal system was located well offshore of the Carolinas
and continued to move slowly eastward and weaken
with time. An 850-mb ridge, centered near the Ohio
Valley at 00/24, moved steadily eastward and was lo-
cated just to the east of Cape Hatteras, North Carolina,
at 00/25. Large surface heat and moisture fluxes rapidly
modified the MABL, as air flowed around the southern
flank of the large surface anticyclone centered in
southern Canada and approached the southeast coast.
As the cold dome associated with the anticyclone
moved eastward, an inverted sea level pressure ridge
developed to the east of the Appalachian Mountains
on 24 January in response to the wedge of entrenched
cold air associated with the cold-air damming. The
coastal baroclinic zone remained strong during the
study period as a result of the juxtaposition of the cold
northerly flow associated with the cold-air damming
over the continent and the warm MABL over the Gulf
Stream.

The diurnally varying coastal LLJ was observed be-
tween 00/24 and 12/25. Figure 1 shows a series of 6-h
subjective wind-speed - analyses at 960 mb (the ap-
proximate level of the LLJ wind-speed maximum).
Although the oceanic data void makes the exact spatial
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configuration and evolution of the LLJ difficult to de-
termine, the LLJ expands inland and increases in am-
plitude between 00/24 and 06/24 (Fig. 1a). For ex-
ample, local speed increases of up to 10 m s™! occur
during this 6-h period, and wind speeds continue to
increase along the coast in the following 6 h (Fig. 1b).
As the daytime mixing increases between 12/24 and
18/24 (Fig. 1c), observations over most of North Car-
olina show a decrease in the low-level wind speeds by
10-16 ms™'. In extreme eastern North Carolina,
however, the wind speeds at Beaufort (MRH ) and Cape
Hatteras (HAT) (see Fig. 1a for station identifiers) de-
crease by only 2-5 m s™!, implying that the LLY may
be persisting to the east. In the following 6 h, the wind
speeds once again increase near the coast (Fig. 1d).
After 06/25, the low-level winds near the coast begin
to respond to the onshore movement of the coastal
front, and the coastal LLJ becomes less defined. In
other cold-air damming situations, the low-level wind
maximum is typically found close to the mountains
(Richwein 1980; Forbes et al. 1987; Stauffer and War-
ner 1987; Bell and Bosart 1988). In this case, however,
the LLJ is located considerably farther east. Thus, the
important physical mechanisms responsible for the de-
velopment of this coastal LLJ may differ from the pre-
viously observed cold-air damming-related low-level
wind maxima. The western extent of the coastal LLJ
is difficult to determine because of missing wind data
at Greensboro, North Carolina (GSO), at 06/24 and
12/24. However, aircraft observations from the NCAR
Electra indicate the presence of a LLJ along the slopes
of the Appalachians on 24 January.

3. Model description and experimental design

The version of the PSU-NCAR Mesoscale Model
used for this study is a hydrostatic, 3D, primitive equa-
tion model (Anthes et al. 1987). The model has a ter-
rain-following sigma (o) coordinate system, o = (p
— p:)/(ps — p;), where p is the pressure, p, is the pressure
at the top of the model ( 100 mb), and p; is the surface
pressure. The model computations are performed at
33 irregularly spaced levels, with the greatest resolution
in the lower troposphere (15 model levels below 850
mb). The horizontal grid contains 133 X 133 points
with a grid length of 30 km. For display purposes, only
a portion of the computational grid will be used to
show the simulation results. A 72-h integration from
12/23 is used for all experiments; however, because
the coastal LLJ evolution is the focus of this paper,
only the first 48 h of the simulations will be discussed.

The planetary boundary layer processes are param-
eterized with a high-resolution, multilayer scheme fol-
lowing Blackadar (1979) and tested by Zhang and
Anthes (1982). The ground temperature is predicted
with a surface energy budget calculation. The ocean
temperatures are held constant and are based on the
National Oceanic and Atmospheric Administrations’s
14-km sea surface temperature analysis, which is de-
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FIG. 1. Observed wind speed (m s™') on the 960-mb pressure surface for (a) 0600 UTC 24 January 1986 (06/24), (b) 12/24, (c) 18/
24, and (d) 00/25. The isotach interval is § m s™'. Intermediate isotachs are plotted using dashed lines. One full barb represents 5 m s,
The station locations of interest are indicated in (a) by the three-letter code.

rived from satellite radiometer data corrected with
available in situ measurements (Fig. 2). Grid-scale
(resolvable) condensation as well as a Kuo-type con-
vective parameterization scheme (Anthes 1977) are
included in the model. The initial meteorological fields
are based on the gridded European Centre for Medium-
Range Weather Forecasts global data assimilation sys-
tem analysis (2.5° resolution), enhanced by the Na-

tional Weather Service and special GALE rawinsonde
and surface observations. A modified Cressman-type
analysis scheme described by Benjamin and Seaman
(1985) is used. The observed lateral boundary tenden-
cies are obtained from a linear interpolation of the 12-h
objective analyses. Additional details about the model
and the model initialization procedure appear in Doyle
and Warner (1993a).
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FiG. 2. The NOAA 14-km resolution sea surface temperatures
(°C) for 25 January 1986. The isotherm interval is 1°C.

A Series of five numerical simulations was performed
to investigate the structure and dynamic forcing of the
LLJ. The control experiment (CTRL) makes use of
the full model physical parameterizations to provide a
high temporal and spatial resolution dataset. With this
dynamically consistent dataset, a more complete di-
agnosis of the LLJ evolution is possible than from use
of only the observed data. The CTRL is then used as
a basis for comparison with four sensitivity experiments
that use modified model physics in order to determine
the important physical mechanisms for the develop-
ment of the LLJ. The surface sensible heat flux is set
to zero in experiment NSH. The effect of latent heat
released in the precipitation processes is removed from
the thermodynamic equation for both grid-scale and
parameterized subgrid-scale (convective) precipitation
in experiment NLH. In the adiabatic simulation
(ADIAB), both the latent heat released from the pre-
cipitation processes and the surface sensible heating
are removed during the model integration. In the last
experiment, VT, the temperature rather than the virtual
temperature is used throughout the model equations.

4. Results

a. Control simulation

1) HORIZONTAL LLJ STRUCTURE AND
COMPARISON WITH OBSERVATIONS

In the CTRL simulation, a northeasterly LLJ forms
along the Carolina coastal plain in the model simula-
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tion and has many characteristics in common with the
observed LLJ. During the first 12 h of the model sim-
ulation, the simulated lower-tropospheric wind speeds
in the Carolina coastal region accelerate rapidly. Be-
tween the initial time (12/23) and 00/24 (12-h sim-
ulation time), the simulated wind speeds increase by
up to 15 m s at 960 mb to the east of the Appalachian
Mountains. A series of 6-h fields of the simulated wind
speed at 960 mb, the approximate level of the jet max-
imum, is shown in Fig. 3. At 00/24 (12 h, not shown),
the northeasterly coastal LLJ maximum is positioned
just to the east of the North Carolina coast. A large
area in the central and eastern Carolinas has wind
speeds in excess of 12.5 m s™!. The strongest observed
960-mb wind speeds at 00/24 are located immediately
along the coast, suggesting that the observed LLJ max-
imum may also be located offshore at this time. The
simulated wind-speed maximum, positioned just to the
east of the coastline and embedded within the coastal
baroclinic zone, persists for the following 36 h. An area
of strong horizontal wind shear is located at the eastern
boundary of the LLJ and is associated with the weak-
ening offshore cold-frontal zone. Between 06/24 (18
h, Fig. 3a) and 12/24 (24 h, Fig. 3b), the simulated
wind-speed maximum just offshore decreases slightly;
however, the wind speeds onshore continue to increase
steadily in agreement with the observations. The sim-
ulated 960-mb wind speeds in the eastern Carolinas
between the 12-h and 24-h times are 2-5 m s~* weaker
than those in the observations. However, the model
simulates the location and orientation of the wind-
speed maximum quite well. For example, at 12/24 (24
h, Fig. 3b) an elliptical wind-speed maximum oriented
in a southwest—northeast direction is located near the
coastline, in agreement with the observed LLJ at this
time (Fig. 1b).

After local sunrise ( ~ 1215 UTC), the observed wind
speeds decrease markedly along the coast, except in
extreme eastern North Carolina where the LLJ persists
(Fig. 1b—c). The model-simulated 960-mb wind speeds
in eastern North Carolina also decrease substantially
during this time period (Figs. 3b—c) as illustrated by
the eastward movement of the area with wind speeds
in excess of 10-15 m s~'. Despite this decrease, the
simulated wind speeds are 2—-6 m s ! too strong in east-
central North Carolina. The simulated LLJ nearly
maintains its strength offshore, and also in extreme
eastern North Carolina in agreement with the obser-
vations. Thus, during the daytime heating cycle, the
simulated LLJ remains rather persistent just offshore
and in extreme eastern North Carolina, and decreases
in horizontal extent to the west toward the Appalachian
Mountains. In addition to the coastal wind-speed
maximum, a second area of high wind speeds can be
seen just to the north of a region of strong wind shear
associated with a weakening cold-frontal system at 18/
24 (30 h) and 00/25 (36 h). Prior to 18/24 (30 h),
when the frontal zone is positioned farther west, the






