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ABSTRACT

The Penn State/NCAR mesoscale model is initialized with calm winds, a barotropic temperature pattern,
and a uniform surface pressure in studies of the response of the marine atmospheric boundary layer (MABL)
to realistic differential fluxes of heat and moisture at the sea surface in the vicinity of the Gulf Stream. A
maritime sounding from the GALE data region during Intensive Observation Period 2 (IOP 2) is used to define
the initial vertical structure of the temperature and humidity fields. The sensitivity of the MABL to two sea
surface temperature (SST) patterns is tested. One is a relatively smooth analysis that is typical of those used by
research and operational models applied on the synoptic scale and mesoscale. The other is based on the exper-
imental 14 km high-resolution analysis of NOAA. In addition, other simulations are used to determine the
sensitivity of the MABL response to physical factors such as surface moisture fluxes, latent heating, and the
sea-surface roughness. These studies have two purposes: one is to provide a better understanding of the three-
dimensional MABL response to a realistic SST pattern; the other is to isolate the mesoscale circulations produced
by this differential thermal forcing so that their interaction with other processes, such as cyclogenesis, can be
inferred in real-data simulations.

The results of simulations using the two SST analyses are quite different. For example, the MABL front that
develops near the north wall of the Gulf Stream is much stronger with the high-resolution analysis. Horizontal
temperature gradients below 950 mb are 2-3 times larger, horizontal velocities near the surface are in excess of
7 m s~ instead of ~2 ms™!, and the vertical velocity patterns showed significantly different spatial characteristics
and amplitudes. In both simulations, responses to the surface forcing extended upward to about 800 mb. In
the experiment with the high-resolution SST analysis, a moderately strong mesoscale circulation was produced
in the MABL within 12 h. Additional factors found to be important contributors to the MABL response are
latent heat release in the lower atmosphere and sea-surface fluxes of moisture. The enhancement of the heat
and moisture fluxes associated with the higher winds in the vicinity of the MABL front also significantly contributes
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to the amplitude of the circulation.

1. Introduction

Because the ocean surface represents a large potential
source of sensible heat and moisture, and because of
the strong thermal contrasts that often prevail near
coastlines and near the edge of major currents like the
Gulf Stream and Kuroshio Current, the details of the
air-sea interaction ( ASI) process have long been a sub-
ject of intense interest. However, since such ASI in-
vestigations have been hampered by a paucity of ad-
equate datasets, much of our understanding of the var-
ied physical processes of the marine atmospheric
boundary layer (MABL) is limited (McWilliams
1983). Even though many good marine-atmosphere
measurement programs have been conducted, the data
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are often neither synoptic nor dense enough to assess
scale interactions. Because of this lack of appropriate
three-dimensional (3-D) datasets, much of the research
has involved one-dimensional or, at most, two-dimen-
sional (2-D) analysis frameworks.

The maritime meteorological processes affecting the
eastern coastal region of the United States have received
special attention because the complex joint forcing by
the Appalachian Mountain chain and the Gulf Stream
current near the coast produces a host of intriguing
synoptic scale and mesoscale phenomena. Probably the
best studied processes are coastal frontogenesis (Bosart
et al. 1972; Bosart 1975, 1981) and coastal cyclogenesis
(Kocin and Uccellini 1985a,b; Pagnotti and Bosart
1984; Bosart 1981; Sanders and Gyakum 1980; Sanders
1986 ). However, even though it is generally acknowl-
edged that the thermodynamic forcing of the Guif
Stream can play a role in the dynamics of both of these
phenomena, until recently very little effort had been
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devoted to understanding the details of the MABL ef-
fects.

The existence of a relationship between the cyclo-
genesis process and Gulf Stream forcing has been
known circumstantially for many years. The climato-
logies of cyclones (Austin 1941; Colucci 1976; Pet-
terssen 1941) and explosively deepening cyclones
(Sanders and Gyakum 1980; Sanders 1986; Roebber
1984) show distinct frequency maxima near the At-
lantic coastline or over the Gulf Stream. For exampile,
Sanders and Gyakum’s (1980) dynamic climatology
of explosive cyclogenesis identifies the north wall of
the Gulf Stream as a preferred area for rapid devel-
opment. In Sanders’ (1986) four-year climatology of
“bombs,” the most rapidly deepening bombs (>1.8
Bergerons) showed an especially remarkable preference
for movement along the axis of the Gulf Stream. The
dynamic mechanisms responsible for this cyclogenesis
frequency maximum have not been conclusively iden-
tified; however, it is clear that this surface forcing must
operate through modification of the MABL. Specifi-
cally, the low-level thermal field will be destabilized
over the warm water, and a low-level baroclinic zone
will develop at the boundary between Gulf Stream wa-
ter and cooler slope water. Additionally, surface mois-
ture fluxes will be enhanced if there are large air-sea
temperature differences over the warm water. This dif-
ferential modification of the MABL thermal field will
also force local circulations that will eventually be re-
flected in the low-level pressure, divergence and vor-
ticity fields. Some three-dimensional modeling studies
have quantified the importance of some of these par-
ticular mechanisms for specific cases. For example,
Nuss and Anthes (1987) found that surface fluxes were
important in the development of an idealized maritime
cyclone, but the specific effect depended on whether
the surface heat and moisture fluxes enhanced or di-
minished the low-level baroclinity. Anthes et al. (1983)
also found in a modeling study of the Queen Elizabeth
IT storm of 9-10 September 1978 that surface fluxes
of heat and moisture over the Gulf Stream were im-
portant to the development of this Atlantic storm, even
though the large-scale baroclinic forcing was dominant.

It is also unclear what the relationship is between
the MABL front that forms along the north wall of the
Gulf Stream off the Carolinas and the classic “coastal
fronts” that are observed near the land-sea boundary
and over land. Uncertainties include questions about
whether the two surface-forced fronts are of equivalent
structure and intensity, whether they are always spa-
tially distinct, and whether they form under similar
conditions of synoptic scale forcing.

Before a complete understanding is achieved of how
the MABL fluxes over the Gulf Stream force and re-
spond to marine cyclogenesis and boundary layer fronts
near the coast, the general problem of the differential
surface forcing of the midlatitude MABL must be
studied in a simple framework. Some observational
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and modeling studies have significantly contributed to

improving our basic understanding of these processes.

For example, the Air Mass Transformation Experiment

(AMTEX) was conducted over the East China Sea in

1974 and provided unprecedented data that were used

in many diagnostic and modeling studies (e.g., Sun

and Hsu 1986). Even though the oceanic soundings

were spaced ~300 km apart in this study, numerical

models were able to provide additional insight into the
response of the MABL to cold surges from the Asian

continent that advanced over the strong differential
thermal forcing of the Kuroshio Current. Another study
of ASI in a region of strong horizontal sea surface tem-
perature (SST) variability was the Joint Air-Sea In-
teraction Experiment (JASIN) (Pollard 1978), con-
ducted in 1978 between Scotland and Iceland. The
Frontal Air-Sea Interaction Experiment (FASINEX),
performed during 1986 in the area of an open-ocean
SST front to the south of Bermuda, was the first mea-
surement program to provide MABL data with good
horizontal resolution. As described by Stage and Weller
(1985, 1986), the detailed horizontal structure of the
MABL was examined in this region of strong differ-
ential forcing. In order to understand the MABL re-
sponse to a cold anomaly in the SST field, Wai (1988)
applied a 2-D marine boundary layer model to a syn-
thetic SST field characterized by a temperature mini-
mum. For conditions of zero and nonzero mean flow,
the study described the MABL fluxes, vertical motion,
perturbation pressure and cloud-layer properties. In a
study related to the present one, Wai and Stage (1989)
used a 2-D marine boundary layer model to analyze
the dynamics of the MABL near a Gulf Stream, oceanic
front. Their results will be noted at various times in
this manuscript. Lastly, observational studies by Sweet
et al. (1981) and SethuRaman et al. (1986) describe
the MABL structure and ASI processes over the Gulf
Stream, and serve as good background references for
this investigation.

In this study, 3-D and 2-D numerical modeling ex-
periments are performed to isolate the effects on the
MABL of the differential surface forcing by the Guif
Stream near the East Coast of the United States. In
particular, this initial analysis examines the develop-
ment of vertical and horizontal circulations with no
prevailing mean-wind field, and will serve as the basis
for later experiments that employ an airmass advecting
over the Gulf Stream. In addition to providing direct
evidence of the intensity and structure of these meso-
scale circulations, the results will also give insight into
the mesoscale signature imposed by this forcing on
synoptic scale structures such as maritime storms.
Naturally, it would be difficult to extract and interpret
these smaller-scale circulations in real-data case studies
when they are embedded within complex flow patterns;
so we have chosen to first study the processes in a sim-
plified setting. The emphasis in the interpretation of
the MABL evolution will be on those processes that
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can modulate coastal cyclogenesis, such as vertical
motions, vorticity tendencies and baroclinic-zone de-
velopment. Also, within the limits of the model’s hor-
izontal resolution, the frontal structure and circulation
in the MABL will be viewed in terms of their possible
relationship to the more thoroughly studied coastal
fronts.

Section 2 describes the experimental design of the
study, and includes a description of the 3-D and 2-D
models as well as the initial conditions. In sections 3
and 4, the results of the 3-D and 2-D experiments,
respectively, are presented, while in section 5 the results
are summarized.

2. The experimental design

The 2-D and 3-D numerical simulations employ
versions of the Penn State/National Center for At-
mospheric Research (PSU/NCAR ) mesoscale model
(Anthes et al. 1987), where the 3-D version is used for
the basic experiments and the 2-D analog serves as an
economical tool for some additional sensitivity tests.

The 3-D model employs a two-way interactive nested
grid (Zhang et al. 1986), with the grid increment on
the fine and coarse meshes being 30 km and 90 km,
respectively. Of the 33 vertical computational levels,
16 are concentrated in the lowest 200 mb in order to
provide reasonable resolution of MABL processes. The
vertical coordinate is ¢ = (p — p,)/(ps — p.), where p
is pressure, p; is surface pressure, and p, is the constant
pressure at the top of the model (100 mb in this ap-
plication). The fine-mesh domain is defined by 41
points in the north-south direction and 45 points in
the east—-west direction. The analogous dimensions of
the coarse-mesh grid are 28 points and 30 points, re-
spectively. Planetary boundary layer (PBL) fluxes are
computed using the high-resolution model developed
by Blackadar, and described by Zhang and Anthes
(1982) and Anthes et al. (1987). In this parameteriza-
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tion, the PBL structure at each grid point is classified
in terms of four stratification categories based on the
bulk Richardson number. In three of these categories
(stable, mechanically driven turbulence, and forced
convection), a first-order closure approach is used to
predict the model variables. In the fourth category (free
convection ), large surface, heat fluxes and a superadi-
abatic layer occur in the lower atmosphere, and it is
assumed that the vertical mixing is not related to local
gradients. Rather, the exchanges take place between
the surface layer and each individual layer in the PBL.
Above the mixed layer, K-theory is used to predict the
vertical diffusion of the prognostic variables. Precipi-
tation from stable ascent and convective processes are
parameterized, with the latter parameterization based
on Kuo’s (1974) scheme as modified by Anthes (1977).
Lateral boundary conditions for the coarse-mesh do-
main are open. Boundary values for the mass and
moisture fields are predicted by the PBL model, with
no other contribution to the tendency; whereas the
momentum variables are either specified as zero or are
extrapolated from the interior values, depending on
whether the predicted flow is directed inward or out-
ward at the row or column adjacent to the boundary.
The two-dimensional version of the model used in this
study was not nested, but had otherwise identical nu-
merical and physical characteristics.

A marine sounding obtained from the Genesis of
Atlantic Lows Experiment (GALE ) data region during
Intensive Observation Period (IOP) 2 is used to define
the horizontally uniform initial vertical structure of
the temperature and moisture fields. This sounding is
plotted in Fig. 1, with its location noted in Fig. 2, which
shows the SST structure from the experimental NOAA
14-km analysis for 25 January 1986. This sounding is
clearly relatively warm with a deep neutral PBL ex-
tending to about 810 mb, and a strong inversion be-
tween 810 mb and 790 mb. The initial winds are as-
sumed to be calm everywhere and the initial sea level
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F1G. 1. Temperature (right) and dewpoint temperature (left) sounding (skew T-log P) used
to specify the horizontally uniform thermal and moisture fields in the model initial conditions.
The sounding was obtained at the point noted in Fig. 2 on 25 January 1986 during the GALE

IOP 2.
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FIG. 2. Sea-surface temperature (°C) field based on the NOAA
14-km experimental high-resolution analysis for 25 January 1986.
The isotherm interval is 1 °C. The point with its latitude and longitude
coordinates noted is the location of the sounding shown in Fig. 1
that is used to define the model initial conditions. The line A-B
shows the orientation of a vertical cross section on which the model
solutions are displayed.

pressure is defined to be 1000 mb. Also, even though
it would have been easy to specify realistic topography,
the terrain elevations are set to zero in this study in
_order to prevent any possible interaction of variable
terrain-forced circulations with those from the SST
forcing. This is consistent with the overall experimental
design that involves studying the SST-forced circulation
in isolation. The SST field remains constant during the
integration, as does the ground temperature over land.
The latter is specified to be equal to the initial atmo-
spheric temperature in the lowest model level in order
to minimize surface heat fluxes over land. Two SST
fields are used in the experiments. One is the high-
resolution experimental 14-km analysis from NOAA
(Fig. 2), which is based on satellite radiometer data
corrected with available in-situ measurements. The
other is a much smoother analysis produced on a grid
with an increment of 381 km by the Navy’s Fleet Nu-
merical Oceanography Center (Fig. 3). This is typical
of analyses used in many research and operational
models applied on the synoptic scale and mesoscale.
The use of barotropic initial conditions in this study
represents both a strength and a weakness. Without
horizontal variation in the initial temperature and sur-
face pressure, there exists no mean flow to add an un-
necessary level of complexity to the interpretation of
the basic thermally driven flow. However, the MABL
structure could be quite different with a mean wind,
so the model simulations described here do not rep-
resent this other general class of conditions. Also, be-
cause the surface fluxes are related to the air-sea tem-
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perature differences (in addition to other factors), the
surface fluxes produced in these model simulations are
not equal to those in a baroclinic atmosphere with a
mean wind. In effect, our experimental conditions in-
volve a uniform air mass defined over the highly struc-
tured SST fields, where the air mass characteristics are
maritime in nature. Because the initial air mass is de-
fined based on a maritime sounding, the resulting
MABL circulations should be of modest amplitude in
comparison to what might result from very large heat
fluxes into a cold continental air mass initialized over
the same SST field.

The control simulation with the 3-D model utilizes
the high-resolution SST dataset and complete model
physics. Additional 3-D experiments employ the lower-
resolution SST analysis for the surface forcing and a
modified model moisture cycle to isolate the effects of
latent heating. The 2-D analog to the 3-D model is
used in additional experiments in order to determine
the sensitivity of the predicted MABL structure to cer-
tain physical processes and their parameterization. The
3-D experiments involved a 24-h integration, while the
2-D simulations were of 12-h duration. Only the 12-h .
results are presented because they adequately illustrate
the physical processes and the sensitivities. In these
experiments, the evolution of the MABL during the
24-h period can be viewed as either a spinup to a quasi-
steady state or an actual representation of the temporal
response of a horizontally uniform air mass that has
stagnated over a new SST field. In the context of the
latter interpretation, the modeled response time of the

_MABL can provide insight into the time scales on
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FIG. 3. Sea-surface temperature (°C) ficld based on the 381 km
grid-increment analysis from the Navy’s Fleet Numerical Oceanog-
raphy Center. The isotherm interval is 1°C. The line A-B shows the
orientation of a vertical cross section on which the model solutions
are displayed.
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which MABL circulations of this amplitude can be
generated in such an air mass exposed to a Gulf Stream
SST pattern.

3. Results of the 3-D experiments
a. The control experiment

The control experiment is performed with the full-
physics version of the 3-D model, utilizing the high-
resolution SST analysis. An example of the initial air-
sea temperature difference is shown at the bottom of
Fig. 11, for the line A-B defined in Fig. 2 that transects
the axis of the Gulf Stream and extends from the west-
ern edge of the Chesapeake Bay to a point to the east
of the warm core of the Gulf Stream. This difference
is defined as the SST minus the temperature of the
lowest ¢ level in the model, located at about 50 m
above the surface. To the west of the Gulf Stream’s
north wall, the difference is near zero to slightly neg-
ative, while to the right the difference approaches
~17.5°C over the warmest water and decreases slightly
to ~6.5°C farther to the southeast.

Horizontal maps of the conditions within the lower
MABL after 12 h of simulated time will be described
first. This will be followed by analysis of the 3-D sim-
ulation along the vertical cross section following the
line A-B shown on Fig. 2. The 12-h near-surface air
temperature, based on the model’s lowest computa-
tional level, is provided in Fig. 4. During this 12-h pe-
riod, the temperatures have risen from their initially
uniform value of ~15°C to in excess of 19°C over the
core of the Gulf Stream. Over the slope water on the
cold side of the north wall of the Gulf Stream, there is
virtually no increase in temperature, while to the

MABL TEMPERATURE (CI"~. > N

FIG. 4. Temperature (°C) from the lowest model level (~50 m
AGL) after 12 h of the control simulation. The isotherm interval is
0.5°C. The initially uniform value was ~15°C.
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FIG. 5. Sea level pressure (mb) after 12 h of the control simulation.
The isobar interval is 0.1 mb. The initially uniform value was 1000
mb.

southeast of the warmest water, temperatures increase
by about 2°C. The largest sensible heat fluxes of 50-
100 W m~? (not shown) are found in a narrow zone"
that parallels the Gulf Stream, but they are displaced
northward of the warmest water by 50-100 km, near
the area of highest near-surface wind speeds (Fig. 8).
The 12-h sea level pressure field in Fig. S indicates that
the greatest 12-h pressure falls of about 1.5 mb occur
over the core of the Gulf Stream. Even though this is
a small perturbation, the horizontal scale is also suffi-
ciently small so that near-surface northeasterly geo-
strophic winds in excess of 10 m s™! prevail on the
northwest side of this coastal pressure trough, over the
SST gradient associated with the north wall of the Gulf
Stream. The pressure trough is bounded to the south
near Florida because the SST gradients in that area are
small; therefore the Gulf Stream front circulation is
weak as is the resultant latent heating that contributes
to the formation of the pressure trough. The 900-mb
(i.e., middle MABL) vertical-motion pattern and the
lower-level streamlines at 975 mb are illustrated in Fig.
6 for the same time. The dominant region of upward
motion with values of over 7 ub s ™! is located over the
Gulf Stream with subsidence to the northwest and
southeast. There is obviously much detailed structure
in the MABL vertical velocities that relate to the short-
wave characteristics of the SST pattern that prevail at
this time. These low-level streamlines show a general
inflow into the region of rising motion, but by 12 h
considerable cyclonic rotation has taken place. This is
reflected in the 975-mb relative-vorticity pattern (Fig.
7) that exhibits a corridor of positive value in excess
of 8 X 1073 s7! centered over the Gulf Stream. Note
the vorticity maximum located off the North Carolina






