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ABSTRACT

A nonhydrostatic version of the Pennsylvania State University-National Center for Atmospheric Research
Mesoscale Model, with a horizontal resolution of 5 km, is used with measurements taken during intensive
observation period 2 of the Genesis of Atlantic Lows Experiment to study the offshore mesobeta-scale coastal
front structure. Results from the 24-h model simulation and Doppler radar data indicate that precipitation
bands, with embedded convective elements, are present along the coastal front in the vicinity of the Gulf Stream.
As the frontogenesis evolves, the simulated surface frontal zone becomes fractured, and discontinuous lines of
confluence and mesoscale ascent become apparent. A collapse of the cross-frontal thermal gradient is driven
by intense gradients of the surface fluxes in the vicinity of the Gulf Stream.

A mesoscale wave train, consisting of a series of shallow, weak vortices with horizontal scales between 50
and 100 km, forms along the front in agreement with the Doppler radar data and surface observations. Diagnostic
analysis of the model simulation and a series of model sensitivity experiments indicate that shearing instability
along the frontal zone focuses the lower-tropospheric convergence. Subsequently, stretching of cyclonic vorticity,
modulated by latent heating associated with the banded precipitation, leads to the generation of the mesobeta-
scale vortices along the coastal front. The formation mechanisms of these vortices may have important implications
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for the genesis of coastal cyclones and polar lows along shallow baroclinic zones.

1. Introduction

Nearly one-half of the present population of the
United States is concentrated in coastal regions. De-
pendable weather forecasts for these coastal areas are
essential to ensure economic well-being and public
safety. However, incomplete understanding of meso-
scale coastal weather systems, in part due to sparse
data, sometimes hampers forecasting in these areas.
Along the New England and southeast coasts of the
United States, the formation of a shallow baroclinic
zone or coastal front, which separates cold, dry con-
tinental air and warm, moist oceanic air, is often a
precursor to inclement weather along the coast during
the autumn and winter months. Bosart et al. (1972)
and Bosart (1975) first investigated these mesoscale
boundaries in the New England region. They found
that the coastal front forms locally in the coastal zone
and often marks the boundary between rain and frozen
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precipitation. The coastal front can persist for extended
periods of time—sometimes as long as 48 h (Nielsen
1989). Observations have shown that the thermal gra-
dient associated with the New England coastal front
can be as intense as 5 K km™! (Sanders 1983). The
general characteristics and dynamics of coastal fronts
in the New England region have been further investi-
gated by Marks and Austin (1979), Ballentine ( 1980),
Nielsen (1989), and Nielsen and Neilley (1990). Along
the southeast coast, Carson (1950) related the devel-
opment of wintertime stratus in the vicinity of the Gulf
Stream to coastal front formation. The structure and
dynamics of the coastal front in this region have sub-
sequently been documented by Bosart (1981), Riordan
(1990), Doyle and Warner (1990, 1993a), and Holt
and Raman (1992).

Coastal frontogenesis is often accompanied by cold-
air damming to the east of the Appalachian Mountains
(Richwein 1980; Forbes et al. 1987; Stauffer and War-
ner 1987; Bell and Bosart 1988), which is typically
associated with a cold anticyclone in New England.
Physical mechanisms contributing to coastal fronto-
genesis include differential friction (Bosart 1975; Ok-
land 1990), differential diabatic heating associated with
large sea surface fluxes (Ballentine 1980; Bosart and
Lin 1984; Riordan 1990; Doyle and Warner 1990,
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1993a), thermally induced coastal circulations (Nielsen
1989), and orographic blocking (Garner 1986). Lower-
tropospheric convergence, warm-air advection, cy-
clonic vorticity, and baroclinity are typically maxi-
mized along the coastal front (Bosart 1975; Bosart
1981). As a result, the coastal front is frequently a
cyclogenesis site, as suggested by East Coast cyclone
climatologies (Austin 1941; Colucci 1976; Kocin and
Uccellini 1990). The important role of the coastal front
in the cyclogenesis processes is underscored in many
previous numerical and observational studies (e.g.
Bosart 1981; Lapenta and Seaman 1990, 1992; Doyle
and Warner 1993a, 1993b). However, the dominant
dynamic mechanisms operating during the genesis of
these coastal front cyclones are not completely under-
stood, in part, because of a lack of data on scales suf-
ficient to resolve the important processes.

The mesobeta-scale structure of the coastal front has
been studied in a number of cases (Bosart 1981; Sand-
ers 1983; Nielsen and Neilley 1990). However, because
of data limitations there have been relatively few in-
vestigations of the structure and dynamics of the coastal
front when it exists offshore. Holt and Raman (1992)
analyzed aircraft and ship data in the vicinity of an
offshore coastal front and found a strong thermody-
namic coupling between the underlying sea surface
temperature (SST) gradients and the front. The western
edge of the Gulf Stream was observed to coincide with
a significant portion of the surface coastal front. Warner
et al. (1990) and Doyle and Warner (1993b) found
that the SST gradients strongly influenced the devel-
opment of shallow baroclinic zones in the marine at-
mospheric boundary layer (MABL). Riordan et al.
(1985) found a sharp discontinuity in the distribution
of the MABL latent heat fluxes across an offshore
coastal front. Considerable mesobeta-scale variations
in the frontal intensity, structure, and movement were
also found in an offshore front observed during inten-
sive observation period (IOP) 2 of the Genesis of At-
lantic Lows Experiment (GALE) (Riordan 1990;
Doyle and Warner 1990). In this case, Riordan ( 1990)
documented the existence of a weak mesoscale vortex
along the coastal front in southeastern North Carolina.
The dynamics of weak mesoscale vortices such as the
one observed during IOP 2 and their impact upon the
frontogenesis and cyclogenesis processes are still rela-
tively unknown.

The purpose of this study is to extend the observa-
tional work of Riordan (1990) and Doyle and Warner
(1990) by applying the nonhydrostatic Pennsylvania
State University—National Center for Atmospheric
Research (PSU-NCAR ) Mesoscale Model to further
investigate the mesobeta-scale structure and evolution
of the GALE IOP 2 coastal front. The specific objectives
are to 1) determine the degree to which an advanced
nonhydrostatic mesoscale model with high horizontal
and vertical resolution can simulate the mesobeta-scale
structure and movement of the coastal front and the
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weak vortices along the front, 2) use the model-gen-
erated dataset to analyze the structure of the front and
vortices, and 3) identify the important dynamic mech-
anisms responsible for the formation of the mesobeta-
scale structure of the coastal front, and the weak me-
soscale vortices. A mesoscale and synoptic-scale over-
view of GALE IOP 2 is discussed in section 2. A brief
description of the numerical model and experimental
design follows in section 3. The numerical model results
are presented in section 4. A discussion and concluding
remarks are provided in section 5.

2. Mesoscale and synoptic-scale setting

The GALE field program is described in Dirks et al.
(1988) and Raman and Riordan (1988). The meso-
scale and synoptic-scale conditions for this case are
discussed in Riordan (1990) and Doyle and Warner
(1990, 1993a). Briefly, at 0000 UTC 25 January 1986
(00/25) the eastern one-third of the United States is
influenced by a large anticyclone that is centered in
southern Quebec. Air flowing around the southern
portion of this anticyclone is modified rapidly as a con-
sequence of substantial heat and moisture fluxes within
the MABL as it approaches the southeast coast of the
United States. As the anticyclone moves eastward, sur-
face winds offshore of the Carolinas gradually veer from
northerly to easterly after 00/25. Over the continent,
the surface winds remain northeasterly as an inverted
sea level pressure ridge becomes well defined. This ridge
is a reflection of the wedge of entrenched cold air to
the cast of the Appalachian Mountains associated with
cold-air damming (Richwein 1980; Forbes et al. 1987).

The formation of bands of confluence and diffluence
(Riordan 1990) and the development of a surface
pressure trough (Doyle and Warner 1990, 1993a) over
the warm Gulf Stream precede the formation of the
coastal front on 24 January. Strong cyclonic wind shear
at the surface associated with the coastal front is ap-
parent by 00/25 over the warmest waters of the Gulf
Stream, to the east of the North Carolina and Georgia
coasts (Fig. 1a). The coastal front development ensues
as the 500-mb ridge axis moves to the east of the Car-
olinas (Fig. 2a).

At 00/25 the National Weather Service radar com-
posite (Fig. 1a), as well as data from the Doppler radar
at Hatteras Point, North Carolina, (Fig. 3a) indicate
the presence of a line of echoes with high reflectivity
positioned over the Gulf Stream, approximately 30 km
to the southeast of Cape Hatteras in the vicinity of a
confluence zone. The precipitation bands are organized
in a northeast-southwest direction, with the strongest
echoes located near the west wall of the Gulf Stream.
At this time, shallow conyvection prevails as suggested
by the echo tops of approximately 4 km (Riordan and
Anderson 1991). A series of precipitation bands exists
on the warm side of the front, where the bands are
oriented at an approximate 40° angle to the echo line
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associated with the leading edge of the frontal zone.
The dual-Doppler wind field shown in Fig. 3b, derived
from the Hatteras Point (CP-4) and Ocracoke,; North
Carolina, (CP-3) radars at 00/25 (from Riordan and
Anderson 1991), indicates a well-defined confluence
zone associated with the coastal front. The surface wind
field contains a great deal of finescale structure includ-
ing several sharp bows and curves along the wind-shift
line. Riordan and Anderson (1991) estimate maximum
horizontal convergence values of about 103 s~ ! in the
vicinity of the surface frontal zone.

The northern portion of the coastal front located to
the east of North Carolina moves slowly westward and
is located near Cape Hatteras by 06/25 (Fig. 1b). The
southern portion of the coastal front remains quasi-
stationary near the western edge of the Gulf Stream
and extends from the coastal waters of South Carolina
to Florida. The westward movement of the northern
section of the front continues, and by 12/25 the surface
confluence zone is located just to the west of the Pam-
lico Sound (Fig. 1¢). A strong midtropospheric trough
remains well to the west of the Carolinas during the
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FIG. 1. Sea level pressure (mb, solid lines), surface tem-
perature ( °C, dashed lines), and wind for (a) 0000 UTC, (b)
0600 UTC, and (c) 1200 UTC 25 January 1986. The isobar
interval is 2 mb and the isotherm interval is 3°C. One full
wind barb corresponds to 5 m s™'. Shaded regions depict radar
echoes from NWS observations at Cape Hatteras, NC; Wil-
mington, NC; Charleston, NC; Athens, GA; and Volens, VA.
Higher values of radar reflectivity are represented by heavy
shading.

study period and does not significantly interact with
the coastal front system (Figs. 2a,b). An analysis of
the midtropospheric quasigeostrophic dynamics during
this time period reveals that the synoptic-scale forcing
1s very weak in the vicinity of the coastal front (Doyle
and Warner 1993a) and appears to contribute very little
to the development of the vortices.

The surface streamline analysis for 12/25 (Fig. 4)
indicates the presence of a weak mesoscale vortex with
a closed circulation along the frontal zone near the
southern portion of the Pamlico Sound. This analysis
is also consistent with Riordan’s (1990) streamline
analysis for 14/25. The surface data from Portable Au-
tomated Mesonet (PAM) II sites, which have an ob-
servation frequency of 5 min, were examined in eastern
North Carolina in the vicinity of the vortex to further
verify the presence of the mesobeta-scale vortex. The
surface wind direction, wind speed, and surface pres-
sure for PAM site 40 (location shown in Fig. 4) are
shown in Fig. 5. The wind direction (Fig. 5a) and sur-
face temperature (not shown) data indicate a distinct
coastal front passage at 0900 UTC. Following the fron-
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FiG. 2. Geopotential height (dam, solid lines), temperature ( °C, dashed lines), and wind at 500 mb for (a) 0000 UTC and (b) 1200
UTC 25 January 1986. The contour interval is 6 dam and the isotherm interval is 4°C. One full wind barb represents S m s™'.

tal passage, between 1030 and 1120 UTC, the surface
wind direction backs steadily by over 40° as the me-
sobeta-scale vortex approaches the coast from the
south. The wind direction then begins to gradually veer
at PAM site 40 until 1150 UTC, when a short period
of backing occurs followed by continued veering. The
initial backing followed by the gradual veering of the
wind direction is consistent with the passage of a weak

vortex to the west of PAM station 40. The surface wind
speeds (Fig. 5b) decrease markedly after the vortex
passage. The vortex has an approximate 1-mb pressure
perturbation associated with it (Fig. 5¢). Analysis of
5-min surface data from PAM site 35 and 30-min data
from Cape Lookout (CL) also show the onshore
movement of the weak mesoscale vortex. Furthermore,
Doppler radar data from Hatteras Point and Ocracoke

FiG. 3. Doppler radar (a) reflectivity field from the Hatteras Point, NC, and (b) surface streamlines derived from dual-Doppler data
(adapted from Riordan and Anderson 1991) for 00/25. The reflectivity levels in (a) are greater than 15, 25 (stippled), and 35 dBZ (dark
shading). Reflectivity levels greater than 15 dBZ are shaded in (b). The range ring interval in (a) is 20 km. Tick marks are plotted every 5

km in (b).
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FI1G. 4. Surface streamline analysis based on observations for eastern
North Carolina for 1200 UTC 25 January 1986. One full wind barb
corresponds to 5 m s™'. The locations of PAM station 40, PAM
station 35, and Cape Lookout (CL) are also shown.

indicate the presence of several other distinctly defined
weak vortices in the vicinity of the frontal zone near
the Pamlico Sound between 1200 and 1600 UTC
(G. S. Forbes 1992, personal communication).

3. Model description and experimental design

The three-dimensional PSU-NCAR nonhydrostatic
mesoscale model (Dudhia 1993; Warner et al. 1992)
is used in this study. The model makes use of the fully
compressible system of equations and employs the ter-
rain-following sigma coordinate system, ¢ = (p — p;)/
p*, where p* = (po — p,), po is a temporally invariant
reference-state pressure, and p, is the pressure at the
model top (100 mb). Prognostic variables include the
pressure perturbation, temperature, specific humidity,
horizontal winds, cloud water, rainwater, and vertical
velocity. A multilayer parameterization of the planetary
boundary layer (Zhang and Anthes 1982) is employed,
in conjunction with a surface energy equation for the
calculation of the ground temperature. Conservation
equations for moisture with transfer terms between
various categories such as vapor, cloud, and rain (Hsie
et al. 1984) are included.

The model computations are performed at 33 irreg-
ularly spaced vertical levels, with the greatest resolution
in the lower troposphere (15 model levels below 850
mb). The horizontal grid contains 126 X 126 points
with a grid length of 5 km. A 24-h integration from
12/24 (6-12 h prior to the formation of the coastal
front) is performed. The initialization dataset is inter-
polated from a 24-h simulation of this case, which used
a 30-km horizontal grid increment and the identical
vertical resolution as the 5-km simulations. The lateral
boundary tendencies for the 5-km grid are obtained
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from a linear spatial and temporal interpolation of the
30-km resolution simulation. The ocean temperatures
are temporally invariant and are based on the National
Oceanic and Atmospheric Administrations’s 14-km
SST analysis, which is derived from satellite radiometer
data corrected with available in situ measurements (Fig.
6). The simulation domain and the portion of the
computational grid that will be used to display the re-
sults are shown in Fig. 6.

To investigate the coastal frontogenesis and meso-
beta-scale interactions, the results of six numerical ex-
periments are analyzed. The control simulation
(CTRL) makes use of the full model physical param-
eterizations. The high temporal- and spatial-resolution
dataset from this CTRL experiment is used for detailed
analysis and diagnosis of the mesoscale frontal struc-
ture. The important physical mechanisms for the de-
velopment of the coastal front and mesoscale vortices
can then be identified from a comparison of the CTRL
simulation with five sensitivity experiments that use
modified model physics. In the first four sensitivity ex-
periments, the model physics are changed affer the 12-h
simulation time. By using the full model physics for
the initial 12 h in these four experiments, the dynamical
processes operating during this preconditioning phase
enable the coastal front and associated baroclinic zone
to begin to intensify and become well defined. The
modified model-physics experiments then are used to
isolate the important physical processes operating afier
the coastal front development. In experiment NOSF,
the surface fluxes of heat and moisture are removed.
The latent heat released in the precipitation process
and evaporation of precipitation are not permitted in
experiment NOLH. In experiment NOEVAP, the
evaporation of precipitation is removed from the tem-
perature tendency equation. To examine the impor-
tance of frictional effects, the surface momentum flux
is neglected in experiment NOSMF. In the final ex-
periment, HYDRO, the hydrostatic version of the
PSU-NCAR model (Anthes et al. 1987) is used for
the entire 24-h simulation with the identical model
grid configuration and physical parameterizations as
the CTRL simulation.

4. Results
a. Control simulation
1) COMPARISON WITH OBSERVATIONS

At the initialization time (12/24), the surface-layer
streamlines (the lowest computational level of the
model ¢ = 0.997 or about 26 m AGL) shown in Fig.
7a indicate northerly flow associated with the surface
anticyclone located in New England, with little conflu-
ence in the vicinity of the Gulf Stream. A rather diffuse
baroclinic zone is located near the coast at this time
(Fig. 7b). By 21/24 (9 h), a series of confluent bands
develops over the warmest portion of the Gulif Stream,






