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ABSTRACT

The Pennsylvania State University-NCAR Mesoscale Model is used to examine the sensitivity of the structure
and evolution of mesoscale coastal phenomena to the sea surface temperature (SST) distribution in the vicinity
of the Gulf Stream during intensive observation period 2 (IOP 2) of the Genesis of Atlantic Lows Experiment
(GALE). Experiments are performed with three different SST analyses: 1) a high-resolution 14-km analysis,
2) a medium-resolution 275-km analysis, and 3) a coarse-resolution 381-km analysis.

The results indicate that numerical simulations of mesoscale phenomena embedded in the marine atmospheric
boundary layer (MABL) in the vicinity of the Gulf Stream are very sensitive to the SST distribution. The total
(sensible and latent) average heat fluxes differ by less than 15% among the three experiments; however, the
mesoscale distributions of the oceanic surface heat fluxes differ substantially. As a result of large differences in
the lower-tropospheric diabatic heating, significant dissimilarities occur among the three experiments in terms
of the intensity and movement of the north-wall MABL front, MABL structure, coastal front, cyclone, and
precipitation. The maximum values of diagnosed quantities (e.g., vorticity, divergence, thermal gradients, and
frontogenesis) in the vicinity of the Gulf Stream vary by as much as a factor of 8 among the three simulations.
Also, the lower-tropospheric geostrophic forcing along the coast is relatively weak in the two simulations that
used lower-resolution SST analyses. This weak geostrophic forcing in the lower-resolution SST experiments
results in the development of a low-level jet that is weaker than observed and simulated in the experiment with
the high-resolution analysis.

Among the three experiments, the high-resolution SST analysis simulation best captures the analyzed intensity,
structure, and movement of the mesoscale coastal phenomena. Thus, the use of high-resolution SST analyses
in research and operational mesoscale models may be essential in some cases for the accurate prediction of
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coastal cyclones and their associated mesoscale structures.

1. Introduction

Air-sea interaction (ASI) has long been recognized
as an important factor in the development of mesoscale
structures in coastal regions, in part because the ocean
surface is an enormous source of heat and moisture.
For example, intense thermal gradients frequently form
within the marine atmospheric boundary layer
(MABL) in coastal regions and near the edge of major
oceanic currents, such as the Gulf Stream and the Ku-
roshio Current, in response to the large differential sur-
face energy fluxes. Also, along the southeast coast of
the United States, the complex forcing of the Appa-
lachian Mountains and the Gulf Stream creates an en-
vironment favorable for the development of a host of
mesoscale coastal phenomena such as cold-air dam-
ming (Forbes et al. 1987; Stauffer and Warner 1987;
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Bell and Bosart 1988), low-level jets ( Uccellini et al.
1987; Sjostedt et al. 1990; Lapenta and Seaman 1990;
Doyle and Warner 1991), coastal frontogenesis ( Bosart
et al. 1972; Bosart 1975), and MABL frontogenesis in
the vicinity of the north wall of the Gulf Stream (Wai
and Stage 1989; Warner et al. 1990). Climatological
studies ( Petterssen 1956; Colucci 1976; Whittaker and
Horn 1981), which characterize the east coast of the
United States as one of the most active cyclogenetic
regions on earth, suggest that the interplay between the
complex forcing of the Gulf Stream and the topography
of the Appalachian Mountains is ultimately responsible
for the existence of this cyclogenesis frequency maxi-
mum. However, because of the sparseness of the data
over the oceanic regions and the exceptionally complex
nature of the interactions among the important pro-
cesses, many questions still remain. For example, there
is considerable uncertainty regarding the role of the sea
surface temperature (SST) distribution in modulating
the ASI processes during cyclogenesis along the east
coast of the United States.
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Two mesoscale phenomena that are frequently as-
sociated with cyclogenesis along the east coast are the
low-level jet (LLJ) and the coastal front. The LLJ is
often important in the coastal cyclogenesis process be-
cause it may substantially increase the thermal advec-
tion along the coast and enhance the surface pressure
falls associated with the developing cyclone by increas-
ing the net divergence above the surface (Uccellini et
al. 1987). Also, the enhanced low-level moisture
transport associated with the LLJ may contribute to
regions of heavy snowfall (Uccellini et al. 1984.). 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 (Bosart et al. 1972;
Bosart 1975). For the purpose of clarity, the semiper-
manent low-level atmospheric thermal gradient along
the coastline of the mid-Atlantic and southeast coasts
will be referred to as a coastal baroclinic zone, and the
region characterized by a significant cyclonic wind shift
that is sometimes coincident with this coastal baroclinic
zone will be referred to as the coastal front. The coastal
front frequently is a site for cyclogenesis because it en-
hances the local low-level baroclinity, convergence,
thermal advection, and cyclonic vorticity (Bosart
1975). Thus, the LLJ and coastal front are considered
important mesoscale phenomena because they not only
influence the local conditions along the coast, but they
often act in concert to 1) focus cyclogenesis along the
coast through the modification of the cyclone track
and intensity and 2) enhance the precipitation.

The thermodynamic forcing of the MABL by the
warm waters of the Gulf Stream is frequently an im-
portant dynamic component in the development of
both the LLJ and coastal front. Large heat and moisture
fluxes rapidly modify the MABL and precondition the
lower troposphere for the development of these me-
soscale coastal phenomena. The Carolina coast is a
favored region for coastal frontogenesis and the de-
velopment of LLJs, in part because large air-sea tem-
perature differences often are present in the vicinity of
the strong SST gradients associated with the Gulf
Stream. This results in intense MABL heating and ul-
timately in enhanced local baroclinity (Doyle and
Warner 1990). Ballentine ( 1980) noted that differential
oceanic heat fluxes were primarily responsible for the
mesoscale convergence associated with a New England
coastal front. Other studies have suggested that differ-
ential heat fluxes in the vicinity of the Gulf Stream are
important in the Carolina coastal frontogenesis process
(Bosart and Lin 1984; Riordan 1990; Doyle and War-
ner 1990). Holt and Raman (1992) found the ther-
modynamic coupling between the ocean surface and
the MABL had an important influence on the structure
of a coastal front in the vicinity of the Gulf Stream.
The importance of both sensible and latent heating in
accelerating the low-level winds and in enhancing the
LLJ development along the coast during cyclogenesis
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has been documented previously as well (Uccellini et
al. 1987; Lapenta and Seaman 1992).

The role of ASI processes associated with Gulf
Stream forcing in the development of oceanic cyclones
has been widely studied. Climatological investigations
indicate that the Gulf Stream is a preferred region for
cyclogenesis and explosively deepening cyclones (Col-
ucci 1976; Sanders and Gyakum 1980; Roebber 1984;
Sanders 1986). Though the dynamic mechanisnis re-
sponsible for this frequency maximum have not been
precisely determined, it is generally agreed that the sur-
face forcing within the MABL over the Gulf Stream
must play a crucial role. When the conditions are fa-
vorable, the ASI processes destabilize and moisten the
MABL and force shallow baroclinic zones near the
strong SST gradients associated with the Gulf Stream
(Sweet et al. 1981). This differential forcing within the
MABL may result in the formation of local circulations
(Wai and Stage 1989; Warner et al. 1990), which then
subsequently influence cyclogenesis through the en-
hancement of the low-level convergence, cyclonic vor-
ticity, and heat and moisture transport. In spite of the
circumstantial link between these surface processes and
cyclone frequency, numerous recent modeling studies
that have attempted to quantify the contribution of the
maritime surface heat and moisture fluxes have shown
marked case-to-case variability. For example, a group
of studies (Uccellini et al. 1987; Nuss and Anthes 1987;
Mailhot and Chouinard 1989) suggest that surface heat
and moisture fluxes are important in the early stages
of cyclogenesis, while others (Kuo and Reed 1988;
Reed and Simmons 1991; Kuo and Low-Nam 1990)
conclude that the surface energy fluxes have little im-
pact on the cyclone development. Kuo ét al. (1991)
examined the numerical simulations of seven cases of
explosive cyclogenesis and found that the surface fluxes
contributed little to the storm development when the
model was initialized at the stage of rapid development.
When the model was initialized early in the cyclone
development, however, the surface energy fluxes were
found to have a substantial influence. Thus, the surface
fluxes appear to be most important during the early
stages of cyclogenésis, when LLJs and coastal fronts
are frequently present in the precyclogenetic environ-
ment. -

The distribution of the SSTs may also have a sub-
stantial impact on the structure and evolution of me-
soscale coastal phenomena such as LLJs, coastal fronts,
and coastal cyclones as a result of the modified surface
energy fluxes. Mizzi and Pielke (1984) found, using a
numerical model, that the ocean surface temperature
gradient modulated the LLJ strength along the Oregon
coast. Warner et al. (1990) showed, using the Penn-
sylvania State University-National Center for Atmo-
spheric Research (PSU-NCAR ) Mesoscale Model with
synthetic initial conditions, that the MABL structure
and MABL front near the north wall of the Gulf Stream
were very sensitive to the SST distribution. In a nu-
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merical study of an East Coast cyclogenesis case, La-
penta and Seaman (1992) found that when the east—
west SST gradient of the Gulf Stream was eliminated,
a weakened coastal front and cyclone resulted. Simi-
larly, Mailhot and Chouinard ( 1989) numerically sim-
ulated two explosive cyclone cases and found that the
low-level mesoscale structure was substantially affected
when the SST analysis was changed from 1° resolution
to 2.5° resolution. Low-Nam and Kuo (1991), how-
ever, found that a numerical simulation of a rapidly
intensifying cyclone, which was initialized during the
early development stage, was insensitive to the meso-
scale distribution of SST. The results of these studies
indicate that the effects of the SST distribution on
MABL phenomena in the precyclogenetic environment
and during the incipient stage of cyclogenesis are still
not completely understood and need to be examined
for a wide variety of cases. Moreover, because research
and operational mesoscale models often use relatively
smooth SST analyses, it is essential that the impact of
the SST distribution on the mesoscale environment
during coastal cyclogenesis be evaluated.
Measurements taken during intensive observation
period 2 (IOP 2) of the Genesis of Atlantic Lows Ex-
periment (GALE), and results from the PSU-NCAR
model, provide a unique opportunity to study the sen-
sitivity of mesoscale coastal phenomena to the SST
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FIG. 1. Vertical-time section of the geostrophic wind speed (m s™*)
calculated using the Fayetteville (FAY ), Wilmington (ILM), Beaufort
(MRH), and Greenville (PGV), observations from 0000 UTC 24
January through 1200 UTC 25 January. Local sunrise (R} and sunset
(S) are plotted on the abscissa. The isotach interval is 1 m s™'. The
arrow length is proportional to the geostrophic wind speed, and the
arrow orientation indicates the geostrophic wind direction. The lo-
cations of selected observations are shown in the upper right.
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distribution. The specific purpose of this paper is to
explore the impact of the SST distribution on the
structure and evolution of the MABL, LLJ, coastal
front, and coastal cyclone during GALE IOP 2. A syn-
optic-scale and mesoscale overview is presented in sec-
tion 2. Section 3 contains the model description and
the experimental design. The results are described in
section 4, and the summary and conclusions appear
in section 5.

2. Synoptic-scale and mesoscale overview

During the early stages of GALE IOP 2, between
1200 UTC 23 January (12/23)and 1200 UTC 25 Jan-
uary (12/25) 1986, an LLJ and coastal front developed
along the Carolina coast in the GALE observational
network. As a large surface anticyclone moved eastward
in southern Canada, air flowing around the southern
flank of the anticyclone, approaching the southeast
coast, was modified by large heat and moisture fluxes
within the MABL. An inverted sea level pressure ridge,
which was positioned to the east of the Appalachian
Mountains, formed during the local daytime hours on
24 January due to the wedge of entrenched cold air
associated with cold-air damming (Forbes et al. 1987).

A region of strong baroclinity developed along the
Carolina coast as a result of cold-air damming, a weak-
ening frontal system located offshore, and the warm
MABL over the Gulf Stream. This intense baroclinic
zone resulted in a strong low-level pressure-gradient
force oriented perpendicular to the coast. Figure 1 isa
vertical-time section of the estimated geostrophic wind,
based on four Cross-chain Loran Atmospheric Sound-
ing System (CLASS) rawinsonde observations located
in southeastern North Carolina: Fayetteville (FAY),
Wilmington (ILM), Beaufort (MRH), and Greenville
(PGV). The geostrophic wind calculation method is
discussed in Doyle and Warner (1991). Because of the
intense and shallow coastal baroclinic zone, a surface-
based, northeasterly geostrophic wind-speed maximum
that was nearly parallel to the coast and the Gulf Stream
persisted between 06/24 and 06/25.

This strong low-level geostrophic forcing contributed
to the formation of an intense coastal LLJ that was
characterized by considerable temporal and spatial
variation (Doyle and Warner 1991). The vertical time
section of the observed wind speed for Wilmington,
shown in Fig. 2a, illustrates some of the LLJ charac-
teristics that were commonly observed during this time
period. A marked oscillation in the low-level wind
speed occurs in the lower troposphere. The wind speed
initially accelerates during the nocturnal time period
between 00/24 and 12/24 to a maximum of over 22
m s~ ! and then rapidly decelerates in the following 6 h
as the daytime mixed layer grows and frictional dissi-
pation of the LLJ increases. As the daytime mixed layer
collapses the following evening, the LLJ strengthens
once again with maximum wind speeds reaching over
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FIG. 2. Vertical-time section of the wind speed (m s~') for (a) Wilmington (ILM) and (b) Beaufort (MRH) from 0000 UTC 24 January

through 1200 UTC 25 January. Local sunrise (R) and sunset (S) are plotted on the abscissa. The isotach interval is I m s™'.

18 m s~ . In extreme eastern North Carolina, the LLJ
remained more persistent during the local daytime
hours on 24 January. For example, at Beaufort (MRH)
the wind speed decelerates by only 3-4 m s ! between
12/24 and 18/24 (Fig. 2b).

The horizontal structure of the LLJ is illustrated by
the wind-speed analyses at 960 mb (the approximate
level of the LLJ wind-speed maximum), shown in Fig.
3. The northeasterly LLJ is well defined along the Car-
olina coastal plain at 12 /24 (Fig. 3a), with wind speeds
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FIG. 3. Observed wind speed (m s™') on the 960-mb pressure surface for (a) 1200 UTC 24 January and (b) 0000 UTC 25 January.
The isotach interval is 5 m s!. One full barb represents S m s™'.
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FIG. 4. Sea level pressure (mb, solid lines), surface temperature ( °C, dashed lines), and wind for (a) 0000 UTC 25 January and (b) 1200
UTC 25 January. 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 radar sites. Heavier shading represents higher values of reflectivity. Mesoscale analysis conventions are based

on Young and Fritsch (1989).

over 20 m s~ observed at five sites. The LLJ amplitude
decreases during the daytime period and then begins
to increase once again by 00/25 (Fig. 3b). A more
detailed description of the observations and dynamic
forcing of the coastal LLJ can be found in Doyle and
Warner (1991).

Marine surface data indicate that a coastal trough
began to form over the warmest waters of the Gulf
Stream at approximately 18/24. The trough formation
occurred 6 h prior to any observed significant cyclonic
wind-direction shift in the vicinity of the baroclinic
zone, which is an indication of coastal-front formation.
Large surface sensible heat and latent heat fluxes were
present along the coast, prior to and during the devel-
opment of the trough, due to air-sea temperature dif-
ferences of over 12°C and high MABL wind speeds.
Coastal frontogenesis commenced at 00/25 over the
warmest waters of the Gulf Stream. The surface analysis
of sea level pressure and surface temperature for 00/
25 shown in Fig. 4a (mesoscale analysis conventions
based on Young and Fritsch 1989), indicates that the
inverted coastal trough over the Gulf Stream and the
inverted wedge ridge to the east of the Appalachian
Mountains are well defined in the sea level pressure
pattern. Radar echoes, shown by the stippled regions,
are organized in a banded structure in the vicinity of
the developing coastal front over the Gulf Stream. In
the next 12 h, intensification of the coastal baroclinic
zone takes place as the northern portion of the coastal
front moves westward and becomes positioned to the
west of Cape Hatteras (HAT) by 12/25, as indicated
by the surface analysis shown in Fig. 4b. The surface
confluence and baroclinic zones associated with the
coastal front are distinctly defined in eastern North
Carolina and to the south over the Gulf Stream. Details
of the observational analysis of the coastal front are

discussed by Riordan (1990) and Doyle and Warner
(1990).

A small-scale, weak cyclone developed along the
southern portion of the coastal front to the east of the
Florida coastline several hours prior to 15/25. This
cyclogenesis occurred well to the east of an intensifying
midtropospheric trough, which was positioned west of
the Mississippi Valley at 12/25. As discussed by Doyle
and Warner (1990), the cyclone developed in a region
where the MABL was characterized by cyclonic vor-
ticity, neutral stability, and large surface sensible and
latent heat fluxes during the previous several days. In
the following 24 h, the cyclone moved northeastward
along the coastal front and traversed through the off-
shore buoy network and the Portable Automated Me-
sonet (PAM) II observational network in eastern North
Carolina, as illustrated by the composite of the 6-h
positions of the surface cyclone shown in Fig. 5.
Throughout its lifetime, the cyclone remained a rela-
tively weak and shallow feature, with the vorticity and
vertical-motion perturbations confined below 700 mb.
Cold-air advection to the rear of the cyclone prevailed,
as the northwesterly flow in the MABL displaced the
coastal front to the southeast.

Copious precipitation was observed during the evo-
lution of the coastal frontogenesis and cyclogenesis
during GALE IOP 2. This is consistent with the fact
that mesoscale precipitation maxima during the winter
months are often associated with weak frontal waves
and strong low-level vorticity maxima (Nielsen 1990)
such as observed in this case. The large moisture and
sensible heat fluxes result in a rapid destabilization and
moistening of the MABL in the vicinity of the Gulf
Stream and are important for the initiation and
maintenance of the precipitation. During the period
when the coastal front and coastal trough were devel-






