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ABSTRACT

During Intensive Observation Period 2 of the Genesis of Atlantic Lows Experiment, a number of mesoscale
phenomena were observed with special and conventional observing systems over the land and coastal waters.
This study involved analysis of these data for the period 24-26 January 1986 in order to define the structure
and dynamics of three features: the coastal front; a shallow cyclone that propagated along the coastal front,
modifying it as it moved northward; and a low-level jet that formed in the strong coastal pressure-gradient field.

The coastal front formed in an existing pressure trough over the Gulf Stream as a result of both ageostrophic
deformation and differential diabatic heating. There existed considerable variability in the frontal strength and
position on both the mesoalpha and mesobeta scales. The level of strongest frontogenesis was near the surface,
with frontolysis calculated above 950 mb.

The marine atmospheric boundary layer (MABL ) over the Gulf Stream was conducive to cyclone formation.
Latent and sensible heat fluxes of up to 800 W m 2 and 400 W m 2, respectively, were calculated early in the
study period, and a deep, moist conditionally unstable boundary layer was present. Calculation of the vorticity
tendency associated with the sensible heating yielded a narrow band of positive values to the east of the coastline.
As a weak midtropospheric wave reached this favorable region to the east of Florida, a shallow cyclone formed
along the coastal front. As the cyclone tracked northeastward along the front, geostrophic deformation ahead
of it strengthened the front while strong cold-air advection to its rear displaced the coastal front to the east,
leaving behind a dry, stable MABL with low-level, cold-air advection and weak descent. As the cyclone moved
northward along the front, conditionally unstable, moist, low-level air ahead was forced by the southeasterly
flow to rise along the coastal front and its extension over the cold air near the coastline, causing enhanced
precipitation.

A low-level northeasterly jet was also observed over the Carolinas, and formed as a result of the strong low-
level pressure gradient created by the proximity of the cold continental air over land and the warm air of the
Gulf Stream MABL near the coast. This jet, with a maximum near 960 mb, showed a diurnal variation of up
to 20 m s~!, which likely resulted from day/night variations in mixing at jet level, an inertial oscillation associated
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with the frictional decoupling of the low-level flow at sunset, and isallobaric accelerations.

1. Introduction

Cyclogenesis can result from a variety of distinct or
cooperative dynamic mechanisms and complex scale
interactions, where the existence of spatial maxima in
the global distribution of cyclogenesis frequency (Pet-
terssen 1956 ) points to the importance of local forcing.
Well-documented local factors include mountain
ranges, coastal regions and sea surface temperature
contrasts. Often, two or more of these effects act in
concert along the East Coast of the United States. The
coastal front, an intense mesoscale front that forms
near the coastal baroclinic zone, is one phenomenon
that may be an important ingredient in coastal cyclo-
genesis. Functioning as a source of low-level positive
vorticity and moisture, the coastal front can focus pro-
cesses operating in the low levels to initiate and enhance
cyclogenesis. Kocin and Uccellini ( 1984) found that
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coastal fronts were present in 13 of 18 cases of major
East Coast cyclogenesis and often are an important
component in the cyclogenesis process. Though studied
rather extensively, coastal frontogenesis and the inter-
action with the synoptic scale and mesoscale environ-
ments are still not completely understood, in part due
to the lack of data on scales sufficient to resolve the
important processes. The Genesis of Atlantic Lows Ex-
periment (GALE), conducted from 15 January
through 15 March 1986, used an array of special mea-
surement platforms to provide a high temporal- and
spatial-resolution dataset for the investigation of a va-
riety of processes and phenomena associated with East
Coast cyclogenesis. The objectives and an overview of
the field project can be found in Dirks et al. (1988)
and SethuRaman and Riordan (1988).

During the second Intensive Observation Period
(IOP 2), which extended from 23 January to 29 Jan-
uary 1986, a variety of meteorological phenomena were
observed, including intense coastal frontogenesis, a
diurnally varying low-level jet (LLJ), and mesoscale
cyclogenesis along the coastal front. In this study, me-
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soscale analyses and diagnostic calculations will be used
to document the evolution, structure and interaction
of these phenomena. This work serves as the founda-
tion for ongoing research using the Penn State/Na-
tional Center for Atmospheric Research (PSU/NCAR)
mesoscale model to address questions pertaining to the
dynamics of these coastal processes.

The coastal front, characterized by a cyclonic wind
shift and a large thermal contrast, is a shallow (less
than 500 m deep) boundary separating warm, moist
oceanic air and cold, dry continental air. More frequent
in the winter months, coastal fronts have been observed
in many regions including New England (Bosart et al.
1972; Bosart 1975; Sanders 1983), the Carolinas ( Bos-
art 1981; Bosart and Lin 1984; Riordan et al. 1985;
Forbes et al. 1987; Stauffer and Warner 1987; Kesh-
ishian and Bosart 1987), the Gulf Coast of Texas ( Bos-
art 1984) and the Black Sea coast (Draghici 1984).
Often in the eastern United States the easterly flow of
highly stable cold air associated with a surface anti-
cyclone in the New England states, is blocked by the
Appalachian Mountains and is funneled southward

parallel to the mountains, enhancing the coastal baro-

clinic zone. This blocking of shallow cold air, or cold-
air damming, is manifested as a persistent, narrow, in-
verted surface pressure ridge to the east of the Appa-
lachians. The coastal front typically coincides with the
eastern edge of the cold dome at the surface and slopes
gradually westward with height, rising over the en-
trenched cold air. Thus, cold-air damming can play an
important role in the frontogenesis and cyclogenesis
processes along the East Coast, as documented by Baker
(1970), Richwein (1980), Forbes et al. (1987), Stauffer
and Warner (1987), and Bell and Bosart (1988).
Differential surface roughness, irregular orography,
the land-sea temperature contrast, and coastal config-
uration have been hypothesized as important mecha-
nisms contributing to coastal frontogenesis (Bosart et
al. 1972; Bosart 1975). The importance of differential
diabatic heating for coastal frontogenesis has been
stressed in the numerical investigation of Ballentine
(1980) and in the observational studies of Bosart (1981,
1984) and Bosart and Lin (1984). Geostrophic defor-
mation, though frequently important in the early stages
of synoptic scale frontogenesis, is seldom responsible
for initiating coastal frontogenesis. In the case of the
coastal front, ageostrophic processes are crucial for the
initiation and eventual collapse of the front (Bosart
1975; Bosart and Lin 1984; Keshishian and Bosart
1987). However, in some special situations when low-
level flow parallels the coastal front, and the anticyclone
to the north is absent, geostrophic deformation may
play a more substantial role. Specifically, as weak me-
soscale disturbances propagate along the front, geo-
strophic deformation strengthens the preexisting baro-
clinic zone ahead of the weak cyclone, which then pre-
conditions the low-level environment for later cyclo-
genesis events (Clark 1983; Bosart 1984; Keshishian
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and Bosart 1987). Since the baroclinic zone is tightened
ahead of the cyclone, Clark (1983) refers to these dis-
turbances as “zipper” lows. In addition to the low-level
processes operating near the coast, the ascending
branch of a thermally indirect circulation associated
with the exit region of an upstream jet streak may in-
tensify low-level warm advection in the Carolinas
(Uccellini et al. 1984, 1987), potentially enhancing
the coastal frontogenesis and cyclogenesis processes.

In this paper, diagnostic calculations and detailed
mesoscale analyses are used to investigate coastal
frontogenesis, mesoscale cyclogenesis along the coastal
front, and a low-level jet observed during GALE IOP
2. The methodology is described in section 2, followed
by a synoptic scale overview in section 3. Sections 4
and 5 contain a description of the mesoscale structure
of the coastal front and the coastal cyclogenesis event.
The structure and evolution of the low-level jet are
described in section 6 and the conclusions are provided
in section 7.

2. Data analysis procedures

A variety of National Weather Service (NWS) and
GALE surface and upper-air data are used in this study.
The GALE dataset is discussed in detail by Mercer and
Kreitzberg (1986), Dirks et al. (1988) and Sethu-
Raman and Riordan (1988). A description of the
GALE instruments and the characteristic instrument
errors can be found in GALE (1985). The upper-air
sounding data are obtained from Cross-chain Loran
Atmospheric Sounding System (CLASS) rawinsondes,
miniradiosondes, special GMD and VIZ rawinsondes,
Omega dropwindsondes, and the conventional (NWS)
rawinsondes. The conventional data used in this study
were obtained from sites operated by the NWS, the
military, and the Federal Aviation Administration
(FAA). In addition, NOAA buoys, NOAA instru-
mented platforms including Coastal Marine Aids to
Navigation (C-MAN) towers, and ships-of-opportunity
provided marine measurements. The special GALE
surface data were obtained from 51 Portable-Auto-
mated-Mesonet (PAM) II sites, eight instrumented
GALE research buoys, and two oceanographic research
vessels (R/V) (the R/V Endeavor and the R/V Cape
Hatteras): A map of the various surface and upper-air
stations used in the study is shown in Fig. 1.

In order to allow the use of consistent winds from
a variety of marine observing systems, wind speeds
measured at platforms of known height have been ad-
justed to a reference height of 10 m by the North Car-
olina State University (NCSU). The adjustment
method, described by Riordan (1987), makes use of a
wind-speed dependent drag coefficient and the log-wind
law. Because the original GALE buoy data showed too
much high-frequency variability in the wind directions
due to the instantaneous sampling and buoy motion,
NCSU applied a 5-point time filter to these data (Rior-
dan 1987).
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FIG. 1. Map of conventional NWS and GALE surface (@) and upper-air ()
observing stations. Positions of the GALE research vessels are approximate,

For the analysis of mesoscale pressure perturbations,
such as associated with the coastal front and small-
scale cyclones, it is extremely important to obtain spa-
tially consistent sea level pressure fields. In this study,
a two-stage procedure was employed to check for bias
errors in the pressure data. First, the PAM data were
compared with the NOAA and FAA data to isolate
measurement-system differences. Then individual sites
were checked for error. To begin the process, the PAM
surface pressures were reduced to sea level. For each
PAM site, these 5-minute data were averaged for a 24-
h period on the meteorologically quiescent day of 23
January 1986. These average PAM pressures were then
corrected for biases by careful subjective comparison
with objective and subjective analyses of similarly time-
averaged NOAA and FAA sea level pressure observa-
tions for the same period. In the second step, hourly
sea level pressure observations from PAM and all other
stationary marine and land sources (with the exception
of the NOAA buoys) were temporally averaged for the
120-h period from 0000 UTC 24 January through 0000
UTC 29 January 1986. A smooth objective analysis
(Barnes 1973) of these averaged sea level pressures was
then used to calculate a correction at each station nec-
essary to provide consistency with this analysis. Several
ships-of-opportunity considered crucial for the analysis
were also corrected for systematic pressure errors by
subjective comparison with nearby observations.

The upper-air data were error checked and inter-
polated to constant pressure surfaces at 10-mb intervals
by the Gale Data Center. However, interpolated data
were not used here when the original data levels were

greater than 150 mb apart. The temperature, geopo-
tential height, winds, and dewpoint depression were
then objectively analyzed onto a 44-km grid mesh for
times when both the GALE inner and regional areas
reported, and onto a finer scale, 20-km grid mesh for
the times when only the inner region observations were
available. Isobaric analyses were produced every 20 mb
from the surface to 100 mb using a modified Barnes
(1973) objective analysis scheme, which employs a
spatially varying weighting function that depends upon
the data density. Upper-air time sections were also
generated by use of the interpolated 10-mb soundings.

NWS radar films, radar mosaics, satellite imagery,
and the GOES-6 GALE videotape from the University
of Wisconsin were also used to help define specific me-
soscale features. The sea surface temperature (SST)
field used in this study was derived from the NOAA-
9 infrared imagery. This high resolution 14-km analysis
has a root-mean-square error of 0.5°~0.7°C and a bias
error of less than +0.5°C (Bill Pichel, personal com-
munications, 1989). It is capable of resolving the strong
gradients associated with the western edge of the Gulf
Stream.

Surface, oceanic sensible and latent heat fluxes, Hy
and H; respectively, are diagnosed using the standard
bulk aerodynamic formula

HS = pCpCH( Tsea - Tair)lv l
Hy, = pL,Ce(gs — )|V |, (1)

where p is the air density, C, is the specific heat of air
at constant pressure, T is temperature, g is the specific
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humidity, g; is the saturation specific humidity at the
SST, | V| is the wind speed, and L, is the latent heat
of vaporization. The exchange coefficients Cy and Cg
are based on the formulations described by Friehe and
Schmitt (1976) and applied by Riordan et al. (1985).
The NOAA 14-km SST analysis was used for the heat-
flux calculations.

An estimate of the local vorticity tendency due to
sensible heating is based on Petterssen’s development
equation (Danard and Ellenton 1980) and is computed
by:

9% _ _ Ragln (po/Piro) 2
ot fC, Ap

where {; represents the 1000-mb relative vorticity, py
is 1000 mb, pinp is the pressure at the level of non-
divergence estimated as 500 mb, R, is the gas constant
for dry air, f is the Coriolis parameter, g is the accel-
eration of gravity, His the sensible heat flux from (1),
and Ap is the depth of the heating. The sensible heating
is assumed to be confined to a 150-mb deep layer, a
-depth estimated using soundings from coastal locations,
research vessel soundings, and dropwindsondes. The
1000-mb height tendency associated with sensible
heating can then be obtained from the vorticity ten-
dency, assuming the vorticity is equal to the geostrophic
vorticity (Bosart 1984).

To investigate the kinematics of the coastal fronto-
genesis, the gradient of equivalent potential tempera-
ture (6,) is used. It reflects both the temperature and
humidity of the air, and is a suitable measure of the
coastal-front intensity. The frontogenesis function is
defined as

d o 6. \20u . (00,\* dv
dr V0] = 1V6.| { [(6x) 6x+(&y> ay]
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where w is the vertical velocity, and u and v are the
horizontal wind components. Terms A and B represent
the contribution of the deformation field to frontogen-
esis. Term C, the twisting term, is neglected at the sur-
face because vertical motions are assumed to be small.
Term D represents the frontogenesis due to horizontal
variations in diabatic heating. The contribution of sen-
sible heat fluxes and moisture fluxes to frontogenesis
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was estimated over the ocean based upon the vertical
flux convergence calculated for a marine boundary
layer of an assumed depth of 150 mb. The frontogenesis
contribution from geostrophic deformation is found
by substituting the components of the geostrophic wind
into terms A and B in (3). Vertical velocities were
calculated using a mesoscale omega equation similar
to that used by Tarbell et al. (1981). The vertical ve-
locity was assumed to vanish at the surface and 100
mb. Latent heat effects were incorporated in the omega
equation using a moisture-corrected static stability,
following Hirschberg (1989).

3. The synoptic scale setting

At the beginning of the study period, a massive sur-
face anticyclone dominated the eastern one-third of
the United States. Air flowing around the southern
portion of this anticyclone, centered near southern
Quebec at 0000 UTC 25 January (Fig. 2a), is modified
by heat and moisture fluxes within the marine atmo-
spheric boundary layer (MABL) as it approaches the
southeast coast of the United States. At this time, an
inverted sea level pressure ridge reflects the wedge of
entrenched cold air that is positioned to the east of the
Appalachian Mountains. Near the coastline, this ridge
adjoins a trough that is associated with the coastal front,
where the trough extends from Florida northward along
the Carolina coastline and is nearly coincident with
the shoreward side of the Gulf Stream. The coastal
front is rather disorganized at this time, and several
distinct mesoscale fronts are probably present. The
wedge ridge remains established east of the Appalachian
Mountains throughout 25 January (Figs. 2b and 2c¢),
as the surface anticyclone moves eastward. The coastal
front, now over 1000 km long, extends from Florida
to New Jersey and is advancing westward into North
Carolina with an intensification of the baroclinic zone.
As the surface anticyclone continues to move offshore,
warm moist air modified by the Gulf Stream continues
to be advected toward the East Coast at low levels.

During 25 January, a mesoscale wave forms along
the coastal front off the Georgia/Florida coast. Even-
tually this disturbance has a significant impact upon
the coastal front evolution and subsequent disturbances
that form along the coast during IOP 2. The cyclone,
located just offshore of South Carolina by 0000 UTC
26 January (Fig. 2¢), continues to track rapidly north-
eastward along the front, with heavy precipitation in
advance of it and drier westerly flow to its rear. In the
wake of the cyclone, the coastal front and associated
baroclinic zone move eastward (Fig. 2d), perhaps de-
laying and disrupting ensuing cyclogenesis. A major
purpose of this paper is to document not only the
structure, evolution and mesoscale features associated
with the coastal front, but also to describe the inter-
action of the front and this cyclone. Two other more
powerful cyclones form along the trailing baroclinic
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FI1G. 2. Sea level pressure (mb, solid lines) and surface temperature (°C, dashed lines) for 0000 UTC 25 January 1986 (a), 1200 UTC
25 January 1986 (b), 06000 UTC 26 January 1986 (c), and 1200 UTC 26 January 1986 (d). The isobar interval is 2 mb and the isotherm

interval is 4°C.

zone after an arctic air mass surges into the eastern
United States.

The corresponding fields of 850-mb and 500-mb
geopotential height, temperature, and wind are shown
in Figs. 3 and 4, respectively. Throughout 25 January,
pronounced warm advection occurs in the lower tro-
posphere along the Carolina coast with prominent
ageostrophic winds observed at 850 mb (Figs. 3a—c).
An 850-mb wave is seen in the windfield and massfield
along the coastline in the vicinity of the surface dis-
turbance in the 0000 UTC and 1200 UTC 26 January
analyses. This wave is most easily identified at 500 mb
when it is located over Louisiana at 1200 UTC 25 Jan-
uary. As it propagates eastward it is difficult to follow,
except in the height tendency field, but a weak trough
is seen in the windfield over Georgia and South Car-
olina at 0000 UTC 26 January.

4. Mesoscale structure of the coastal fi'ont

The mesoscale conditions at the surface at 0000 UTC
25 January are illustrated in Fig. 5a. The stippled re-
gions correspond to composites of the radar images
from Cape Hatteras, NC, Wilmington, NC, Charleston,
SC, Athens, GA, and Volens, VA. An inverted pressure
ridge with the characteristic northerly ageostrophic
surface flow, associated with the cold air dammed to
the east of the Appalachians, is well defined at this
time. This northerly ageostrophic flow funnels cold air
southward to the east of the Appalachian Mountains,
enhancing the low-level coastal baroclinic zone. The
NOAA 14-km sea surface temperature analysis for
0000 UTC 25 January is shown in Fig. 6. The strong
sea surface temperature gradient located along the
western edge of the Gulf Stream is nearly coincident






