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ABSTRACT

During the Intensive Observation Period 2 of the Genesis of Atlantic Lows Experiment a persistent, diurnally
varying, northeasterly low-level jet (LLLJ) was observed along the Carolina coastal plain. Nocturnal maxima of
over 20 m s~! were observed near 960 mb, The daytime speed reduction varied considerably froma 2-5m ™
decrease in extreme eastern North Carolina to a 10~16 m s~! decrease at locations to the west along the coastal
plain. An intense coastal baroclinic zone, associated with cold air dammed to the east of the Appalachian
Mountains and the warm marine-atmospheric boundary layer over the Gulf Stream, resulted in a nonheasterly
low-level geostrophic wind maximum near the surface almost parallel to the coast.

A simulation of the LLJ evolution using a one-dimensional planetary boundary layer model (Zhang and
Anthes 1982) indicates that the initial acceleration of the LLJ was controlled by the increasing low-level geostrophic
wind speed. The large daytime speed reduction resulted from a rapid increase in the frictional stress at the jet
level. The LLJ was reestablished the following evening when the nocturnal inversion developed and the ageos-
trophic component, which increased substantially during the daytime, rotated to a direction nearly parallel to
the jet.

Sensitivity experiments indicate that a specific geostrophic wind velocity profile was necessary to produce
many of the observed Carolina LLJ characteristics. The LLJ was insensitive to separate reasonable changes in
the roughness length, moisture availability, albedo, and thermal inertia, however, when the surface parameters
were simultaneously changed to correspond to a surface covered by snow, a temporally continuous LLJ structure
resulted. A maritime source region influenced the boundary layer in extreme eastern North Carolina; however,
locations to the west had more of a continental source region. Thus, the observed spatial variations in the
daytime Carolina LLJ structure may have been a result of upwind differences in the roughness length and
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diurnal mixing effects.

1. Introduction

Boundary-layer wind maxima or low-level jets
(LLJs) are mesoscale phenomena that have generated
a great deal of interest in the past several decades be-
cause of their importance to air-pollutant transport,
thunderstorm development, cyclogenesis, wind energy
production, and aviation safety. The focus of many of
these investigations is the Great Plains LLJ (Blackadar
1957, Wexler 1961; Holton 1967; Uccellini 1980;
McNider and Pielke 1981; Parish et al. 1988; Fast and
McCorcle 1990). However, LLJs are observed in many
other locations around the world and are quite prev-
alent in coastal regions such as the Pacific coast of the
United States (Zemba and Friche 1987; Gerber et al.
1989), the Peruvian coast (Enfield 1981), the marginal
ice zone (Overland et al. 1983), the United States gulf
coast (Hsu 1979; McNider et al. 1982), the New
England coast, and the Canadian Maritime Provinces
(Dickison and Neumann 1982). In fact, Bonner's
(1968) climatology of the LLJ indicates significant fre-
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quency maxima of LLJ occurrence along the Texas
gulf coast, the New England coast, and the Carolina
coast, in addition to the well-documented Great Plains
maximum. A variety of dynamic mechanisms have
been hypothesized for the LLJ formation; however,
the specific nature of the LLJ forcing appears to vary
greatly depending on the geographic region.

During the early portion of the Genesis of Atlantic
Lows Experiment (GALE) Intensive Observation Pe-
riod (IOP) 2, a diurnally varying LLJ was observed
along the Carolina coast (Doyle and Warner 1990).
In this paper, we use a high-resolution, one-dimen-
sional (1D) planetary boundary layer (PBL) model to
help evaluate some of the dynamic mechanisms re-
sponsible for the diurnally varying LLY’s formation and
evolution, and to document the sensitivity of the sim-
ulated LLJ to variations in the model parameters.

A variety of mechanisms for LLJ development have
been proposed in the literature (see Stull 1988). Many
LLJs are hypothesized as being atmospheric boundary-
layer phenomena resulting from lower-tropospheric
forcing, although numerous alternative theories that
focus on mid- and upper-tropospheric processes exist
(Uccellini and Johnson 1979; Uccellini 1980; Djuric
and Damiani 1980; Uccellini et al. 1987). Two es-
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pecially well-documented mechanisms that can con-
tribute to LLJ formation are the inertial oscillation and
the favorable low-level geostrophic forcing associated
with low-level baroclinity.

The first mechanism for LLJ formation, originally
proposed by Blackadar (1957), applies best to nights
that follow a day with strong mixing. The subgeo-
strophic wind speeds in the daytime boundary layer
result from a near balance of the pressure-gradient force,
Coriolis force, and frictional stress. Development of
the nocturnal jet commences when the frictional stress
decreases after sunset as the boundary layer stabilizes
near the surface. This frictional decoupling of the lower
troposphere from the surface stress leads to an imbal-
ance between the daytime, subgeostrophic low-level
wind field and the pressure gradient, resulting in an
inertial oscillation that may enable the flow to become
supergeostrophic for a period of time during the night.
Typically, the wind speed maximum occurs at the top
of the nocturnal inversion, and the oscillation mag-
nitude is a function of the degree of ageostrophy at the
time of frictional decoupling. This has been postulated
as an important mechanism for LLJ development in
diverse locations including the Great Plains of the
United States (Blackadar 1957; Parish et al. 1988),
Australia (Brook 1985), New Zealand (Goulter 1989),
and Germany (Kraus et al. 1985).

The second frequently discussed mechanism leading
to LLJ formation involves the formation of a low-level
geostrophic wind maximum. Diurnal heating and
cooling over sloping terrain, which results in a maxi-
mum in the geostrophic wind at a low altitude during
the night, has been suggested as a mechanism for LLJ
formation (Holton 1967; McNider and Pielke 1981).
However, Bonner and Paegle (1970) note that both
time-varying eddy viscosity and time-varying geo-
strophic forcing may be necessary to produce the ob-
served temporal variations in the low-level wind field
over sloping terrain. In addition, coastal areas are es-
pecially favorable regions for LLJ formation because
of the enhanced baroclinity associated with the local
land-sea temperature contrasts. For example, along the
western portions of continents, regions of cold-water
upwelling may occur, enabling strong low-level baro-
clinity to force LLJ formation (Zemba and Friehe
1987; Enfield 1981). Along the southeast coast of the
United States, Sjostedt et al. (1990) found, based on
a climatological study, that the LLJs have a nocturnal
frequency maximum with a preferred wind direction
parallel to the coast and are often coupled with upper-
level jet streak systems. Sjostedt et al. (1990) found
that during the autumn and winter months the pre-
dominant LLJ wind direction is from the northeast,
similar to the case examined in this study. This pref-
erential wind direction parallel to the coastline may in
part result from cold air dammed to the east of the
Appalachian Mountains and the warm marine-atmo-
spheric boundary layer in the vicinity of the Gulf
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Stream, which act to enhance the local baroclinity and
produce a strong low-level geostrophic wind maximum
(Doyle and Warner 1990).

Numerous studies have used numerical models to
investigate LLJ formation. For example, the impor-
tance of the diurnal variation of the eddy stress and
the associated inertial oscillation has been documented
in many numerical studies such as those by Buajitti
and Blackadar (1957), Krishna (1968), Kraus et al.
(1985), and Brook ( 1985). In other numerical studies,
the effect of sloping terrain on the diurnal variations
in the low-level thermal wind is emphasized (Holton
1967; Paegle and Rasch 1973; Zeman 1979; McNider
and Pielke 1981). Wipperman (1973) concludes, using
a 1D numerical model, that LLJ development is fa-
vored in an environment with a stable PBL and low-
level baroclinity in which the surface geostrophic wind
opposes the low-level thermal wind. Gerber et al.
(1989) use a quasi—-two-dimensional (2D) model to
investigate an LIJ off the west coast of the United
States. They determine that the combined effects of the
local low-level temperature gradient, a sloping inver-
sion, and inertial accelerations were important in forc-
ing the observed marine boundary-layer jet. McNider
etal. (1982) use a 2D model to examine LLJs in coastal
environments and to note that the coastal prevalence
of LLJs is a result of the pressure gradient caused by
land-sea temperature contrasts. In addition, sloping
topography and the inertial turning of the wind are
also important for the coastal LLJ formation.

The LLJ observed along the Carolina coast during
GALE IOP 2 exhibited many interesting characteristics.
Though some of these characteristics may be common
to LLJs in other locations, it is possible that certain
aspects of the LLJ studied may be unique to this region.
As a first step to understanding this phenomenon, we
have used a 1D PBL model to examine: 1) the physical
processes associated with the LLJ formation and evo-
lution, 2) the sensitivity of the LLJ structure to vari-
ations in the surface characteristics and model param-
eters, and 3) the causes of the horizontal variability of
the LLJ. In section 2 of this paper, some observations
of the GALE IOP 2 LLJ are presented. The model de-
scription and experimental results are contained in
section 3, and the summary and conclusions are pre-
sented in section 4.

2. Observations of the coastal LLJ during GALE
I0OP 2

During the period 1200 UTC 23 January to 0000
UTC 24 January 1986, the low-level wind speeds in-
creased substantially along the Carolina coastal plain,
and the LLJ became distinctly defined by 0000 UTC
24 January. Subjective analyses of sea level pressure
and surface temperature (Fig. 1) and the 850-mb geo-
potential height and temperature (Fig. 2) illustrate the
synoptic-scale conditions during the LLJ development.
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The 850-mb geopotential height analysis for 0000 UTC
25 January (Fig. 2¢) has been modified near the Car-
olina coast from Doyle and Warner’s (1990) analysis
based on data-quality considerations. At 0000 UTC 24
January, a surface cold front is located offshore of the
Carolinas (Fig. 1a), with a surface anticyclone building
into the region to the rear of the front. As the 850-mb
ridge moves steadily eastward (Figs. 2a,b), the low-
level flow along the Carolina coast remains from the

northeast. By 1200 UTC 24 January, the surface an-.

ticyclone is centered in southeastern Quebec with a
narrow inverted pressure ridge extending southward to
the east of the Appalachian Mountains (Fig. 1b), re-
flecting the entrenched cold air. This wedge ridge in
the sea level pressure associated with the cold-air dam-
ming appears to have been important in intensifying
and maintaining the strong low-level baroclinic zone
and pressure gradient near the coast (Figs. 1b,c). At
0000 UTC 25 January, winds veered to a southeasterly
direction at 850 mb (Fig. 2¢) in response to the east-
ward-moving ridge. At this time, a developing coastal
front, located over the warm waters of the Gulf Stream,

began to enhance the strong baroclinity near the coast.
It is noteworthy that upper-tropospheric jet streaks and
the associated mass adjustments (Uccellini and John-
son 1979; Uccellini 1980) do not appear to have an
important influence on the development of the LLJ in
this case. Further details of the synoptic-scale evolution
are provided in Doyle and Warner (1990).

The diurnally varying LLJ was apparent between
0000 UTC 24 January and 1200 UTC 25 January 1986.
Figure 3 shows a series of 6-h subjective wind speed
analyses at 960 mb (the approximate level of the LLJ
wind speed maximum). Although the oceanic data void
makes the exact spatial configuration and evolution of
the LLJ difficult to determine, the LLJ appears to ex-
pand inland and to increase in amplitude between 0000
and 0600 UTC 24 January (Fig. 3a). Local speed in-
creases of up to 10 m s~! occurred during this 6-h pe-
riod. Wind speeds continue to increase along the Car-
olina coast in the following 6 h (Fig. 3b). However,
between 1200 and 1800 UTC 24 January (Fig. 3c)
observations over most of North Carolina show a de-
crease in the low-level wind speeds of as much as 10—
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16 m s™!. An exception is seen in extreme eastern

North Carolina where the wind speeds at Beaufort,
North Carolina (MRH) (see Fig. 3a for station iden-
tifiers) and Cape Hatteras, North Carolina (HAT) only
decrease by 2-5 m s~!, implying that the LLJ may be
persisting to the east. In the following 6 h, the LLJ
amplitude once again increases near the coast (Fig.
3d). After 0600 UTC 25 January, the low-level winds
near the coast begin to respond to the onshore move-
ment of the coastal front and the LLJ becomes less
defined. It is noteworthy that this LLJ is located con-
siderably farther east than typically observed in other
cold-air damming situations in which the low-level
wind maximum is found closer to the mountains
(Richwein 1980; Forbes et al. 1987; Stauffer and War-
ner 1987; Bell and Bosart 1988). This suggests that
perhaps the dynamics of this LLJ located at the coast
differs from the previously observed cold-air-dam-
ming-related low-level wind maxima. However, the
western extent of this LLJ is difficult to determine be-
cause of missing wind data at Greensboro, North Car-
olina (GSO) at 0600 and 1200 UTC 24 January.

FIG. 2. Geopotential height (dam, solid lines), temperature (°C,
dashed lines), and wind at 850 mb for 0000 UTC 24 January 1986
(a), 1200 UTC 24 January 1986 (b}, and 0000 UTC 25 January

1986 (c). The contour interval is 3 dam and the isotherm interval

is 4°C. One full barb represents Sms™'.

The vertical time sections of wind speed (Fig. 4a)
and potential temperature (Fig. 4b) from Wilmington,
North Carolina (ILM) further exhibit some of the LLJ
characteristics that are common to most of the obser-
vations in this region during the time period of study
(with the exception of the lack of a strong diurnal ten-
dency in the LLJ amplitude at Beaufort and Cape Hat-
teras, noted earlier). For the purposes of this study,
the observations at Wilmington will be emphasized.
Figure 4a shows that the low-level wind undergoes a
marked diurnal oscillation in speed as the LLJ accel-
erates between 0000 and 0600 UTC 24 January and
then decelerates substantially in the 6 h following 1200
UTC 24 January. The deceleration of the low-level
wind speed coincides with the growth of the daytime
mixed layer (Fig. 4b), where the top of the mixed layer
at 1800 UTC 24 January is located near 920 mb, well
above the nocturnal level of maximum wind speed.
Note that as the mixed layer develops, the height of
the level of maximum wind speed increases. By 0000
UTC 25 January, the mixed layer begins to collapse
as nocturnal cooling at the surface takes place, and the
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FiG. 3. Wind speed (m s™') on the 960-mb pressure surface for 0600 UTC 24 January 1986 (a), 1200 UTC 24 January 1986 (b), 1800
UTC 24 January 1986 (c), and 0000 UTC 24 January 1986 (d). The isotach interval is 5 m s~'. Intermediate isotachs are plotted using
dashed lines. One full barb represents S m s~'. The station locations of interest are indicated in (a) by the three-letter code.

LLJ becomes more defined once again at low levels.
In contrast to the wind-field evolution at Wilmington,
the LLJ at Beaufort during the daytime hours of 24
January decelerates by only 3-4 m s™!, and the mixed
layer is much less developed (Fig. 5). The inversion
base at Beaufort (Fig. 5) remains closer to the surface
than at Wilmington (Fig. 4b) during the development
of the daytime mixed layer, reflecting the more stable
conditions.

3. Model simulations

To examine some of the mechanisms important for
the formation and evolution of the coastal LLJ ob-
served during IOP 2, a well-tested, 1D PBL model is
employed to produce a control dataset. Additional ex-
periments are used to define the sensitivity of the LLJ
structure to model parameters and surface character-
istics.
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FIG. 4. Vertical-time sections of wind speed (m s~') (a) and potential temperature (K) (b) for Wilmington, North Carolina from 0000
UTC 24 January through 0600 UTC 25 January 1986. Local sunrise (R) and sunset (S) are plotted along the abscissa. The heavy dashed
line represents the inversion base. The dotted line circumscribes an inversion layer associated with the coastal front and the eastern edge of

the cold dome. The isotach intervalis I ms™'.

a. Model description

A modified version of the Zhang and Anthes (1982)
high-resolution boundary-layer model, used in the 2D
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FIG. 5. Vertical-time section of wind speed (m s™') for Beaufort,
North Carolina from 0000 UTC 24 January through 0600 UTC 25
January 1986. Local sunrise (R) and sunset (S) are plotted along the
abscissa. The heavy dashed line represents the inversion base. The
dotted line circumscribes an inversion layer associated with the coastal
frontland the eastern edge of cold dome. The isotach interval is 1
ms™'.

and 3D versions of the Pennsylvania State University-
National Center for Atmospheric Research (PSU-
NCAR ) mesoscale model (Anthes et al. 1987), is em-
ployed in this study. The model, based on the work of
Blackadar (1976, 1978, and 1979), uses the terrain-
following sigma () system as the vertical coordinate,
such that

D— D
ps— o
where p; is the surface pressure and p, is the pressure
at the model top (800 mb in this case). In this study,
41 levels with an average separation of approximately
50 m were used. An atmospheric surface layer of fixed
depth (20 m), a deep substrate soil layer of constant
temperature, and a slab that represents a thin layer of
soil constitute the lower boundary of the model. The
model makes use of two separate modules to represent
different turbulent mixing regimes. The criterion that
determines which module is applied is based on the
sign of the temperature gradient in the lowest model
layers and on the magnitude of z,/L where z, is the
mixed-layer height and L is the Monin-Obukhov
length. One module applies K theory to simulate noc-
turnal conditions, where the value of K is based on

second-order closure theory (Blackadar 1976) and is
defined as

o=

(1)

12 (1?0 — 1?[)
R, ’
1

where K, is a background value taken to be 0.2 m?s ™!,

K=Ky+ S; (2)






