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ABSTRACT

The Pennsylvania State University~-NCAR Mesoscale Model is used to examine the structure and dynamics
of coastal frontogenesis and mesoscale cyclogenesis abserved during intensive observation period 2 (IOP 2) of
the Genesis of Atlantic Lows Experiment (GALE). The model accurately simulates many of the observed
mesoscale features including cold-air damming to the east of the Appalachian Mountains, a coastal trough,
coastal frontogenesis, and mesoscale cyclogenesis.

The coastal front becomes apparent approximately 6 h after the formation of a coastal trough in the vicinity
of the Gulf Stream. An analysis of the model results indicates that both latent heating from banded precipitation
over the Gulf Stream and surface sensible heating contribute to trough development. The deformation resulting
from the isallobaric accelerations, associated with the pressure changes that occur as the coastal trough forms,
initiates the coastal frontogenesis. Numerical sensitivity tests reveal that the diabatic processes dominate the
coastal trough and front development. Initiaily, the frontogenetic effects of the deformation over the Gulf Stream
are opposed by the frontolytic differential diabatic effects. The frontogenetic effects of differential diabatic heating
at the coastline promote the westward movement of the northern portion of the front. With this westward
movement of the coastal front, the deformation and diabatic effects act in concert to significantly strengthen
the baroclinic zone.

A small-scale weak cyclone develops along the coastal front as a result of the strong low-level diabatic forcing
associated with intense marine atmospheric boundary layer sensible heating and latent heating from copious
precipitation. The mesoscale cyclone is characterized by a warm-core structure, with areas of ascent, cyclonic
vorticity, and convergence confined to the lowest 3 km of the atmosphere. As the coastal cyclone moves northward
along the coastal front, the baroclinic zone weakens substantially to its rear due to diabatic heating of the

postfrontal air mass and strengthening westerlies 1o the rear of the cyclone.

1. Introduction

Along the southeast coast of the United States, the
juxtaposition of the Appalachian Mountain chain and
the warm waters of the Gulf Stream often leads to the
genesis of a shallow coastal baroclinic zone or coastal
front. The coastal front characteristics and dynamics
have been extensively examined for locations such as
New England (Bosart et al. 1972; Bosart 1975; Marks
and Austin 1979; Ballentine 1980; Nielsen 1989; Niel-
sen and Neilley 1990) and the Carolinas (Bosart 1981;
Bosart and Lin 1984; Riordan et al. 1985; Riordan
1990; Doyle and Warner 1990; Lapenta and Seaman
1990); however, those located offshore in the vicinity
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of the Guif Stream have been studied in less detail due
in part to insufficient data resolution.

Coastal fronts are shallow (typically less than 500
m deep) mesoscale boundaries that separate warm,
moist oceanic air from cold, dry continental air, Cold-
air damming to the east of the Appalachians (Richwein
1980; Forbes et al. 1987; Stauffer and Warner 1987;
Bell and Bosart 1988) associated with a cold anticy-
clone positioned in New England frequently occurs si-
multaneously with coastal frontogenesis in New
quland and the Carolinas. The coastal front typically
coincides with the eastern edge of the cold dome near
the surface, and slopes westward with height over the
entrenched cold air. Cold-air damming, which main-
tains cold air wedged between the frontal zone and the
Appalachian Mountains, and substantial oceanic fluxes
over the Guif Stream that warm the marine atmo-
spheric boundary layer (MABL), enable the baroclinic
zone to be continuously sustained until it is disrupted
by other mesoscale and synoptic-scale disturbances. In
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some cases, the frontal thermal contrast may be as large
as 5°C km™' (Sanders 1983). The coastal front often
separates frozen and nonfrozen precipitation, where
the precipitation is enhanced on the cold side (Bosart
et al. 1972; Bosart 1975; Marks and Austin 1979).

Mechanisms for the initiation of coastal frontogen-
esis include differential friction (Bosart 1975), differ-
ential diabatic heating (Ballentine 1980; Bosart and
Lin 1984; Riordan 1990; Doyle and Warner 1990),
orographical blocking of the upstream flow (Garner
1986), and land-sea circulations (Nielsen 1989). In
the Carolina region, the coupling between the ocean
surface and MABL often has an important influence
on the structure of the coastal front in the vicinity of
the Gulf Stream (Holt and Raman 1992; Doyle and
Warner 1993a; Warner et al. 1990). Typically, geo-
strophic deformation is incapable of initiating coastal
frontogenesis (Bosart 1975; Bosart and Lin 1984;
Keshishian and Bosart 1987). However, in some
unique situations when the low-level flow parallels the
coastal front, geostrophic deformation associated with
weak mesoscale disturbances or “zipper” lows may
strengthen the baroclinic zone (Clark 1983; Bosart
1984; Keshishian and Bosart 1987). Also, the coastal
frontogenesis process has been shown to be enhanced
by the ascending branch of the thermally indirect cir-
culation associated with an exit region of a jet streak
(Uccellini et al. 1984, 1987).

The coastal front is frequently a cyclogenesis site
because it provides a narrow zone along the coast where
the lower-tropospheric convergence, warm-air advec-
tion, baroclinity, and cyclonic vorticity are maximized
(Bosart 1975; Bosart 1981; Bosart and Lin 1984). After
cyclogenesis occurs along the coastal front, the cyclone
may then be steered north-northeastward to a more
favorable position for rapid development (Bosart
1981). East Coast cyclone climatological data suggest
that the coastal front may play an integral role in coastal
cyclogenesis (Austin 1941; Colucci 1976). Moreover,
Kocin and Uccellini (1990) found that coastal fronts
were present in 16 of 20 cases of major East Coast
snowstorms. Numerous observational and numerical
studies have also documented the important role of
the coastal front in the cyclogenesis process (Bosart
1981; Bosart and Lin 1984; Uccellini et al. 1987; Doyle
and Warner 1990; Lapenta and Seaman 1990).

During the second intensive observation period (I0OP
2) of the Genesis of Atlantic Lows Experiment
(GALE), coastal frontogenesis, mesoscale cyclogenesis,
and heavy precipitation were observed in the coastal
zone. In this study, the Pennsylvania State University-
National Center for Atmospheric Research (PSU-
NCAR) Mesoscale Model is used to provide a high
temporal and spatial resolution control dataset to an-
alyze the structure and dynamics of these mesoscale
coastal phenomena. Model sensitivity experiments are
then used to identify the dominant physical processes
operating during coastal frontogenesis and cyclogenesis.
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The structure and dynamics of the coastal front and
mesoscale cyclone observed during GALE IOP 2 have
been the focus of several previous studies (i.e., Riordan
1990; Doyle and Warner 1990). However, a more
complete analysis and diagnosis of the coastal phe-
nomena, especially in data-sparse regions in the vicinity
of the Gulf Stream, is possible with the application of
the PSU-NCAR Mesoscale Model. The specific objec-
tives of this study are to 1) examine the structure of
the coastal front and the mesoscale cyclone, especially
in the offshore region; 2) document the complex in-
teractions between the coastal front, mesoscale cyclone,
and the heavy precipitation; and 3) identify the physical
mechanisms that are important for the development
of the front and cyclone. A brief case description is
contained in section 2. The numerical model and ex-
perimental design are discussed in section 3. The model
results can be found in section 4 and a summary of
the study is provided in section 5.

2. Mesoscale and synoptic-scale overview

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). A large surface anticyclone, centered near
southern Quebec at 0000 UTC 25 January 1986 (00/
25) (Fig. la), dominates the eastern one-third of the
United States during the early portion of the study pe-
riod. A polar air mass is rapidly modified by large
oceanic heat and moisture fluxes as the air flows around
the eastern portion of the anticyclone over the warmer
oceanic waters. A weak coastal baroclinic zone 1is pres-
ent along the east coast at 00/25 as a result of this
rapid modification of the MABL. At this time, a shal-
low wedge of stable, cold air is entrenched to the east
of the Appalachian Mountains, and the classic south-
ward bulge in the sea level pressure that reflects the
presence of the cold-air damming ( Baker 1970; Rich-
wein 1980; Forbes et al. 1987) is apparent. Offshore
coastal frontogenesis commences to the east of the
Carolinas and Florida over the warmest waters of the
Gulf Stream. A weak trough in the sea level pressure
field is established over the Gulf Stream approximately
6 h prior to the formation of the coastal front. The
passage of the 500-mb ridge axis (Fig. 2a) occurs just
prior to coastal frontogenesis.

In the next 12 h, the coastal front and associated
baroclinic zone intensifies substantially. By 12/25 (Fig.
Ib) the frontal zone is over 1000 km long and extends
from Florida to New Jersey. During this 12-h time pe-
riod, the northern portion of the front moves slowly
westward, and extends from eastern North Carolina
northward along the coastline at 12/25. To the south,
the coastal front remains nearly stationary along the
western edge of the Gulf Stream. Several areas of light
precipitation along the coastal front are apparent in
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FIG. 1. Sea level pressure (mb, solid lines) and surface temperature ( °C, dashed lines) for (a) 00/25, (b) 12/25,
(c) 00/26, and (d) 12/26. The isobar interval is 2 mb and the isotherm interval is 4°C.

eastern North Carolina and to the west of the front in
the mid-Atlantic states (Figs. 3a-c). A corridor of more
significant precipitation extends from the Mississippi
Valley northeastward to the Ohio Valley, and is asso-
ciated with the stronger midtropospheric forcing to the
west (Fig. 2b).

A weak mesoscale cyclone develops off the coast of
Florida several hours prior to 16/25. This cyclone,
which is located well to the east of the amplifying mid-
tropospheric trough positioned near the Mississippi
Valley, forms in the absence of any substantial pertur-
bation in the 500-mb geopotential height field (Fig.
2¢,d). As the cyclone moves northeastward along the
coastal front, abundant precipitation falls just in ad-
vance of the surface wave (Figs. 3d,e). In the wake of
the cyclone, the coastal front and the associated baro-
clinic zone moved eastward, perhaps delaying and dis-
rupting ensuing cyclogenesis.

3. Model description and experimental design

The PSU-NCAR Mesoscale Model is used in this
study. The hydrostatic, three-dimensional primitive
equation model (Anthes et al. 1987) has a terrain-fol-
lowing sigma ( ¢) coordinate system, ¢ = (p — p,)/(Ds
— p:), where p is the pressure, p, is the pressure at the
top of the model (100 mb), and p; is the surface pres-
sure. The domain is defined by a 133 X 133 grid, with
a horizontal grid length of 30 km. For display purposes,
only a portion of the computational grid will be used
to show the model results. Of the 33 irregularly spaced
vertical levels, 15 are concentrated below 850 mb to
provide adequate resolution of the MABL processes.

A high-resolution, multilayer scheme following
Blackadar (1979) and Zhang and Anthes (1982) is used
to parameterize the planetary boundary layer processes.
A surface energy budget calculation is used to predict
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FIG. 2. Height (dam, solid Jines), temperature ( °C, dashed lines), and wind at 500 mb for (a) 00/25, (b) 12/25, (c) 00/26,
and (d) 12/26. The centour interval is 6 dam and the isotherm interval is 4°C. One full wind barb represents 5 m s~!.

the ground temperature. The ocean temperatures,
which are based on the National Oceanic and Atmo-
spheric Administration’s 14-km sea surface tempera-
ture (SST) analysis (Fig. 4), are held constant.
The model includes grid-scale condensation as well
as a modified Kuo-type convective parameterization
scheme (Kuo 1974; Anthes 1977). The European
Centre for Medium-Range Weather Forecasts global
analysis (2.5° resolution), enhanced by the National
Weather Service and special GALE rawinsonde and
surface observations ( Benjamin and Seaman 1985), is
the basis for defining the initial meteorological fields.
The 12-h objective analyses are used to define the ob-
served lateral boundary tendencies. All model experi-
ments are initialized at 12/23 and integrated for 72 h.
Additional details of the model configuration and ini-

tialization procedure are contained in Doyle and War-
ner (1993a). .

To investigate the coastal frontogenesis, cyclogenesis,
and the subsequent mesoscale interactions, the results
of nine numerical experiments are analyzed. The con-
trol experiment (CTRL) uses the full model physical
parameterizations. The high temporal and spatial res-
olution dataset from the CTRL simulation is then used
for a detailed analysis and diagnosis of the mesoscale
coastal phenomena. Important physical mechanisms
for the development of the coastal front and coastal
cyclone can then be determined through a comparison
of the CTRL simulation with eight sensitivity experi-
ments that use modified model physics. In experiment
NSH, the surface sensible heat flux is set to zero afier
the initial time. To evaluate the importance of sensible







