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ABSTRACT

Aircraft data from the New England Winter Storms Experiment (NEWSEX ) are used to examine the vertical
structure of four New England coastal fronts. The aircraft made multiple passes at varying elevations through
the coastal fronts. The observations were projected onto cross sections normal to the coastal fronts using frontal
orientations determined from surface analyses and frontal velocities determined from a least-squares fit to
multiple frontal penetrations.

The frontal zones were found to be roughly 200 m wide, rising sharply from the ground to a height of 150
m to 400 m over distances of 0.5 to 2.5 km before leveling off and rising gradually toward the mountains. The
underlying pools of cold air were similar in form and flow patterns to cold-air damming structures observed
elsewhere along the East Coast. The coastal fronts formed the leading edges of the cold pools. Air on the warm
side of the fronts was neutrally stratified, having been recently heated by the warm Gulf of Maine. This warm
air attained vertical velocities of up to 2.5 m s™! as it rose over the coastal fronts and accelerated toward the
mountains, and evidence is found for direct precipitation enhancements by this updraft.

The coastal fronts possessed characteristics of atmospheric density currents, with a low-level inflow within
the cold air toward the head and turbulent mixing behind the head. Because the fronts were quasi-stationary
and were located in neutrally stratified environments, a direct comparison is made with theoretical predictions
of inviscid density current behavior. The observed frontal velocities relative to the warm air were found to be
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within about 1 m s~ of the velocities predicted by inviscid density current theory.

Richardson numbers are estimated at the leading edge of the coastal front and along the frontal inversion
beyond the region of rapid mixing behind the head. The Richardson numbers are found to be consistent with
Kelvin-Helmholtz instability originating at the leading edge of the coastal front.

1. Introduction

Most case studies of New England coastal fronts (e.g.,
Bosart et al. 1972; Bosart 1975; Nielsen 1989) have
been limited to the horizontal structure of coastal
fronts, partly by design and partly because of obser-
vational limitations. These studies have described the
surface weather patterns associated with New England
coastal fronts and have discussed the causes of coastal
frontogenesis in detail. Most New England coastal
fronts form along the Maine-New Hampshire-eastern
Massachusetts coastline as an anticyclone to the north
moves eastward and winds become onshore. The fron-
tal circulation is initially driven by differential heating
from the relatively warm sea surface, often in combi-
nation with nocturnal cooling over land. The fronts
tend to remain quasi-stationary and can develop tem-
perature differences of 10°C or more across a frontal
zone less than | km wide (Sanders 1983). The fronts
can act as mesoscale modulators of large-scale precip-
itation, with local enhancement of precipitation behind
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the front (Marks and Austin 1979), and the fronts
themselves often separate regions of frozen and non-
frozen precipitation.

The vertical structure of New England coastal fronts
has been less extensively studied. McCarthy (1977) ex-
amined the structure of the lower troposphere for sev-
eral coastal front events using rawinsonde observations,
but his cross sections were able to incorporate only a
single sounding between the coastal front and the
mountains. A more detailed representation of the pos-
sible vertical structure of coastal fronts was produced
by Ballentine ( 1980), whose numerical simulation of
coastal frontogenesis suggested that the coastal front
extends back toward the mountains as a cold-air dam-
ming inversion (cf. Forbes et al. 1987; Bell and Bosart
1988). Coastal frontogenesis and cold-air damming
tend to occur together, particularly in the Carolinas
(e.g., Bosart 1981), where the damming effects are of-
ten more intense than in New England.

In this study, we use aircraft observations to deter-
mine the vertical structure of four New England coastal
fronts. The observing systems and analysis techniques
are described in section 2. In section 3, cross sections
through the fronts are presented, and the observed
structures are compared to other atmospheric fronts
and cold-air damming situations. In section 4, the
coastal fronts are compared quantitatively to laboratory
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and theoretical density currents. The existence of shear
instability along the frontal interface is investigated in
section 5. Concluding remarks are contained in sec-
tion 6.

2. Observations and analysis techniques

The data for this study were collected during the
New England Winter Storms Experiment (NEWSEX ).
The NCAR Queen-Air instrumented aircraft made
multiple passes through coastal fronts on 10 January
1983 and 15 January 1983 (referred to below as the
10 Jan and 15 Jan fronts), and the NCAR King-Air
made passes through fronts on 4 December 1983 and
12 December 1983 (the 4 Dec and 12 Dec fronts).
Surface analyses of the four coastal fronts, indicating
the timing and location of the aircraft observations,
are shown in Fig. 1. According to the categorization
of Nielsen (1989), the 15 Jan and 4 Dec fronts were
Type A coastal fronts, while the 10 Jan and 12 Dec
fronts were Type B coastal fronts. Both types of fronts
form near the diabatic heating discontinuity at the
coastline, with Type A fronts triggered by the ambient
winds becoming onshore and Type B fronts triggered
by nocturnal cooling over land. A case study -of the
formation of the 4 Dec front may be found in Nielsen
(1989).

Both aircraft were equipped to measure state, dy-
namical, and microphysical parameters, including
temperature, dewpoint, three-dimensional winds, and
cloud and precipitation particle distributions. The air-
craft were flown at varying altitudes in a series of four
to seven passes through and one to five passes over the
coastal fronts. The altitudes ranged from 20 m (over
water) to 3000 m. Each complete set of passes took
from 1.5 to 2 hours to complete. The data sampling
rate of once per second produced a typical horizontal
data resolution of 65 m with the Queen-Air and 85 m
with the King-Air. The flight paths also included as-
cents and descents through the coastal front inversions
and overlying warm frontal inversions.

The data from each set of passes were projected onto
an x-z plane perpendicular to the coastal front, using
frontal orientations determined from surface analyses.
Based on the limited range of frontal orientations con-
sistent with the surface observations, we estimate the
orientations to be accurate to within 4°. This 4° un-
certainty in frontal orientation affects the separation
of horizontal wind into components parallel to and
normal to the front, resulting in, for example, errors
of up to 0.4 m s™! in the component of wind toward
the front in the warm air.

Data within 5 km (warm side) or 15 km (cold side)
of the surface frontal position were placed in a moving
front-relative coordinate system, using mean frontal
velocities determined from aircraft data by a method
described in appendix A. Data outside the neighbor-
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hood of the front were kept fixed relative to the ground,
in order to retain the structure of flow variations caused
by the underlying orography.

Successive aircraft passes at similar levels provided
a check on the steady-state nature of the coastal fronts.
Winds within the warm and cold air varied little, but
temperatures rose steadily during the periods of ob-
servation. To remove the temperature trends, linear
corrections were applied to all temperatures based on
the observed changes of temperature in the warm air
near the front. Within the frontal inversions, successive
passes were often locally inconsistent, suggesting rap-
idly varying small-scale structure.

In constructing cross sections composed of aircraft
observations collected over a period of 1-2 hours, it
was desirable to eliminate small-scale features that
could not be adequately observed by successive aircraft
passes. For this reason, the subjective analyses depicted
in Figs. 2-4 (below) were performed on 30-second av-
erages of wind and temperature, corresponding to hor-
izontal averaging over 2 to 3 km. The unsmoothed 1-
second data were used to determine the width of the
leading edges of the coastal fronts. High resolution data
were also used during rapid changes in aircraft altitude
to determine lapse rate structure.

3. Analyses of vertical structure
a. Overview of frontal cross sections

Figures 2, 3 and 4 are cross section analyses (with
vertical exaggeration of 50:1) of potential temperature,
front-normal wind, and front-parallel wind. The front-
normal wind is defined as the observed wind compo-
nent normal to the front minus the frontal velocity,
i.e. the motion of air relative to the front. The front is
seen as a sharp transition zone of front-normal wind
and temperature that intersects the ground near x =0
km, rises steeply to a height of 150 m to 400 m, and
then slopes gradually back over the coastal plain and
the first inland hills.

The same overall pattern of temperature and front-
normal wind is repeated in each of the four coastal
fronts. In contrast, the front-parallel winds (Fig. 4)
show large case-to-case variations, especially in the vi-
cinity of the surface fronts. The 10 Jan front has a
front-parallel wind discontinuity similar in form to the
front-normal wind and temperature discontinuities.
The 10 Jan front was also the only front in which the
warm air had a southwesterly (positive front-parallel)
component. With the other three fronts, northeasterly
(negative) winds are found throughout. A nearly ver-
tical, narrow region of reduced northeasterly flow is
present at the leading edges of these three fronts. Tra-
jectory analyses indicate that the air parcels within these
narrow bands originated near the ground, where their
horizontal velocities had been reduced by friction, and
were then advected upward along the frontal interface.
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FIG. 1. Surface analyses of the four coastal fronts examined in this study, showing location and time of aircraft observations. Sea level
pressure is subjectively analyzed with a 2 mb contour interval, and the positions of the coastal fronts are indicated by the symbol for a
stationary front. Selected hourly and Coast Guard station observations are plotted, showing sky cover, wind (long barb equals 5 m s™!,
short barb equals 2.5 m s™'), temperature (°C), weather (standard symbols), dewpoint (°C), and sea level pressure (tenths of mb, leading

digits dropped) in the standard station model format.

b. Cold-air damming structure

Farther behind the fronts, at ranges of 5 to 50 km,
the parallel wind structure closely resembles the cold-

air damming wind structure analyzed by Bell and Bos-
art (1988). They demonstrated that the northeasterly
low-level cold air wind maximum is generated by the
large-scale mountain-parallel pressure gradient. As the
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FI1G. 2. Cross sections normal to the coastal fronts of potential temperature (K), subjectively analyzed. See text for description of method
of construction. Dotted lines indicate path of aircraft. Surface topography is shown by vertical hatching, with the coastline located at the

right-hand edge of the hatched region. Aspect ratio is 50:1.

Coriolis force attempts to turn the flow to the right,
the air is blocked by the mountains, creating a sloping
inversion whose associated pressure gradient balances
the Coriolis force. The balance of forces in the along-

front direction is between the large-scale gradient and
surface drag. In the limit of a discontinuity at the in-
version, the orography, ambient pressure gradient,
friction, and frontal temperature difference completely
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FIG. 3. As in Fig. 2, except of front-normal, front-relative horizontal wind speed (m s™') subjectively analyzed.
Positive wind speed indicates flow toward the right (toward the southeast).
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FIG. 4. As in Fig. 2, except of front-parallel horizontal wind speed (m s™') subjectively analyzed.
Positive wind speed indicates flow into the page (toward the northeast.)

determine the equilibrium shape and slope of the fron-
tal inversion and the magnitude of the northeasterly
Jjet beneath it.

Although Bell and Bosart worked with conventional
rawinsonde data from the Carolinas, their analysis
makes several predictions of smaller-scale structure that
are verified qualitatively with the aircraft data. In par-
ticular, the maximum northeasterly winds are located
at the base of the frontal inversion and are associated
with the most steeply sloping portions of the inversion
and the deepest thicknesses of cold air. These charac-
teristics are found in each of the four coastal fronts.
The 10 Jan front also possesses a front-parallel wind
maximum just behind the front and over water, where
the surface drag would be smallest.

Because of a lack of aircraft and rawinsonde data,
the analyses of the cold-air damming inversion cannot
be extended back to the mountain barrier. The barrier,
the northern Appalachian mountain range, is located
150 to 250 km inland of the coastal fronts at an ele-
vation of 400 to 1200 m above sea level. The inversions,
which are 450 to 650 m above sea level at —50 km and
show no sign of weakening, must slope upward toward
the mountains everywhere to balance the Coriolis force.
Therefore, it is likely that the inversion is higher than
the barrier in many places, so that the cold air is not
completely trapped upwind of the mountains.

¢. Comparison with other atmospheric fronts

Coastal fronts tend to possess very narrow surface
frontal zones compared to most atmospheric fronts.

The sharpness of the frontal zones is emphasized in
Fig. 5, which shows potential temperature and front-
normal wind at 1-second intervals from the lowest air-
craft pass through the 12 Dec front. The 12 Dec front
had the largest temperature contrast of the four fronts
studied. The aircraft passed through the front at a height
of about 140 m above ground level.

The measuring frequency of the aircraft proved in-
adequate to resolve the narrow frontal zone. The air-
craft, flying from right to left relative to the figure, en-
countered nearly constant winds and temperatures un-
til reaching the frontal zone at 0 km. At the leading
edge of the frontal zone, successive 1-second front-
normal wind speed observations, spaced 85 m apart,
were —10.1 ms™', —5.6 ms™', and —2.6 m s~'. This
intense part of the frontal zone was at most 170 m
wide, implying a horizontal convergence at the frontal
zone of at least 4.5 X 102 sec™!. The largest observed
2-second potential temperature change, 3.8°C, was
colocated with the narrow convergence zone. Thus,
the magnitude of the confluent frontogenesis term,
—(0u/d8x)(80/3x), was atleast 9.9 X 10*Km™'s™!,
slightly larger than was obtained from tower measure-
ments of a Colorado cold front (Shapiro 1984), and
an order of magnitude larger than aircraft observations
of a cold front over the Pacific (Bond and Fleagle
1985).

The frontal inversion/shear layer remains 100 to
300 m thick from behind the head to 50 km behind
the front—the extent of aircraft observations—and
possibly as far back as the mountain barrier 150 to 250
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F1G. 5. Graph of potential temperature (upper plot, solid circles,
scale to left) and front-normal, front-relative wind speed (lower plot,
open circles, scale to right) from lowest aircraft pass through the 12
Dec 1983 coastal front. The data are unsmoothed 1-second obser-
vations, taken at 140 m to 170 m above sea level through the frontal
zone.

km behind the front. Such a large horizontal extent of
the frontal inversion has also been observed in some
cold fronts. Ball (1960) analyzed a cold front whose
shear layer increased in thickness only 25% between
20 km and 170 km behind the front. Brundidge (1965)
presented an unusually shallow cold front (his Case 9)
whose inversion, only 150-200 m thick, persisted over
100 km behind the front. Ballentine’s (1980) coastal
front simulation also shows the inversion remaining
narrow, 100 km behind the surface front.

Below the inversion, all four front-normal wind cross
sections (Fig. 3) show a 100 m to 200 m deep region
of flow toward the front. This structure, while common
in the laboratory, is not observed in all atmospheric
fronts. The cold fronts analyzed by Browning and Har-
rold (1970) and Carbone (1982) had their strongest
cold-air inflow aloft, near the base of the frontal in-
version. Sea breeze fronts often develop into closed
rotors, with the inflow limited horizontally to the lower
portion of the rotor (Clarke 1961; Simpson et al. 1977).
Both of these structures have been reproduced by nu-
merical models, and appear to be caused respectively
by surface drag (Mitchell and Hovermale 1977) and
the density current outrunning its source of cold air
(Garratt and Physick 1986). In coastal fronts, the lack
of frontal motion relative to the ground and a contin-
uous supply of cold air from the north due to cold-air
damming allow a deep inflow to develop along the
ground.

d. Vertical motion and precipitation enhancement

To make apparent the large-scale vertical motion
patterns associated with the coastal fronts, a stream-
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function analysis was performed using data from the
12 Dec case. The method used to construct the stream-
function is described in appendix B. The analysis is
shown in Fig. 6. Because of the data limitations, the
analyzed streamline structure above 1000 m is only
intended to be suggestive of the actual structure.

The large-scale vertical structure depicted in Fig. 6
is typical of the four coastal fronts studied. The marine
boundary layer air ahead of the coastal fronts possessed
nearly neutral stratification. In all but the 10 Jan case,
this marine air was being heated from below by the
Gulf of Maine, which was 2° to 6°C warmer than the
overlying air. At heights of 1 to 2 km, the marine layers
were capped by warm frontal inversions, as is typical
of the environments of coastal fronts of this type
(McCarthy 1977).

The vertical potential temperature structure 50 km
inland of the 12 Dec front, deduced from aircraft data,
is also depicted in Fig. 6. The coastal front inversion
is located between 400 and 600 m above sea level. The
warm front inversion extends from 1300 m to 1700
m. Between the two inversions is the marine layer,
which has been advected inland from ahead of the
coastal front.

The streamfunction analysis shows that the marine
air layer, as it passes over the head of the coastal front,
becomes constricted between the coastal front inversion
and the warm front inversion. Under the assumption
of two-dimensionality, mass continuity demands that
the velocity must increase as the depth of the layer
decreases. This acceleration may be seen as a sudden
jump in velocity over the front above the 500 m level
in Fig. 3d and an increased vertical gradient of the
streamfunction above the coastal front in Fig. 6. This
sort of acceleration over the leading edges of fronts is
actually quite common, and has been observed by
Browning and Harrold (1970) and Hobbs and Persson
(1982), among others. Farther behind the surface
coastal front position, the marine air accelerates much
more gradually as it passes over the sloping coastal
front inversion.

At and above each front, a primary updraft 400 m
to 1200 m wide, with vertical velocities of up to 2.5 m
s, was observed directly by the aircraft. The coastal
front updraft resembles the frontal updrafts observed
by Shapiro et al. (1985), Young and Johnson (1984),
and Wakimoto (1982), with maximum upward mo-
tion in the warm air at the leading edge of the front,
tilting back towards the cold air with height. The up-
draft reaches a maximum near the top of the coastal
front inversion layer and decreases above, as has been
observed in cold fronts (Browning and Harrold 1970;
Bond and Fleagle 1985). As can be seen in Fig. 6, the
updraft velocity approaches zero near the base of the
overlying warm frontal inversion. The updraft is weaker
than in other atmospheric fronts because of the relative
shallowness of the coastal fronts and the relatively weak
front-relative warm air wind speeds.

The mechanical lifting of warm air by the coastal
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FIG. 6. Analysis of vertical structure of temperature and wind associated with 12 Dec
coastal front event. The potential temperature 50 km inland of the coastal front is plotted on
the left. This temperature structure was pieced together from aircraft soundings 50 km inland
and 15 km offshore of the coastal front. On the right is the streamfunction ¥ normal to the
plane of the coastal front, where ¥ is defined such that 3% /dp = u and 9¥/dx = —w. See
appendix B for details of the streamfunction analysis methods. The spatial distribution of the
coastal front inversion was determined from direct aircraft measurements. The distribution
of the warm front inversion is from extrapolation, using the streamfunction analysis, of aircraft
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measurements 15 km offshore of the coastal front.

front and cold pool inversion was suggested by Marks
and Austin (1979) as the mechanism for observed en-
hancement of precipitation within a 50 km wide band
along coastal fronts. Because of the nature of cold-air
damming, the vertical displacement caused by the
coastal fronts and associated cold pools is similar to
the orographic lifting that would take place farther in-
land in the absence of cold air damming. Consequently,
the coastal front effectively shifts much of the oro-
graphic enhancement of precipitation from the moun-
tain slopes to the coastal plain during onshore flow.
Figure 6 shows that the mechanical lifting at the
front is confined to the marine layer beneath the warm
frontal inversion. At and above the inversion, the ver-
tical motion distribution should be similar to solutions
to the time-dependent 1/4-layer problem of subcritical
flow over a two-dimensional obstacle, with the warm
front inversion approximated by a discontinuous jump
in density. For Froude numbers appropriate to typical
coastal front situations, theoretical analyses and nu-
merical simulations by Baines and Leonard (1989)
predict that as the marine layer air approaches the
coastal front, it should become deeper and decelerate,
producing upward motion with a maximum at the
warm frontal inversion. The upward motion should
have a horizontal scale of 100 km to 300 km, with a
total vertical displacement at the level of the warm

front of 100 m to 200 m. Thus, while a narrow region
of strong vertical motion is located at low levels above
the coastal front, a broader, deeper region of weak up-
ward motion should be present ahead of the coastal
front. Incidentally, the deceleration and upward motion
would be associated with a hydrostatic pressure gradient
directed toward the front, again with a scale of 100 km
to 300 km. This may explain the unexpected obser-
vation by Bosart et al. (1972) of cross-isobar flow to-
ward higher pressures in the warm air ahead of a coastal
front.

During passes through the 15 Jan front, very light
snow was noted by the flight observer (P. Neilley) on
the cold side of the front. The snow originated from a
stratocumulus cloud deck within the marine layer, be-
tween 1.1 km and 1.8 km above ground level. By es-
timating fall speeds from particle diameters (Locatelli
and Hobbs 1974), particle trajectories were calculated
back from the observing points to the clouds. It was
found (see Fig. 7) that the peak precipitation rates were
associated with trajectories that originated in the clouds
directly over the front. The MIT radar observed a nar-
row 10 dbZ echo along the front during this period,
and where precipitation was more widespread farther
south, a 5 dbZ reflectivity enhancement coincided with
the coastal front position. It must be emphasized that
the aircraft-observed precipitation was very light, av-
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FiG. 7. Schematic diagram of 1§ Jan coastal front and overlying clouds, showing calculated snowflake trajectories, presumed location of
frontal upd.raf?, and observed precipitation rate. The position of the coastal front is indicated by the 271 K potential temperature isotherm.
The precipitation rate was computed with data from a PMS probe averaged over all passes through the 15 Jan coastal front and plotted as

a function of distance normal to the front.

eraging 0.06 mm h~' over the period of observation.
The aircraft was unavailable during heavier precipi-
tation events because of visibility and icing problems,
so no direct evidence was obtained of precipitation en-
hancement due to the mesoscale vertical motion ex-
pected ahead of the coastal front near the level of the
warm front inversion.

4. Density current characteristics
a. Observed density current structures

Many types of atmospheric fronts have been found
to have the characteristics of density (gravity) currents
(Simpson 1987; Simpson 1982). Density current
structure has been observed in sea breeze fronts
(Simpson 1969; Simpson et al. 1977), thunderstorm
gust fronts and haboobs (Goff 1976; Charba 1974;
Lawson 1971), and cold fronts (see Smith and Reeder
1988 for a critical review). Density current character-
istics visible in Figs. 2 and 3 include the following:

1) Near the ground, the cold and warm air are
two separate, nearly homogeneous fluids, with
most of the horizontal density (potential tem-
perature) gradient confined to a frontal zone
much less than 500 m wide.

2) Beneath the inversion, there is a “feeder
flow” of cold air from the cold pool toward the
coastal front.

3) The frontal zone rises sharply from the
ground to a height of 200 m to 300 m. Exami-
nation of 1-second aircraft data (for example, see
Fig. 5) indicates that immediately behind this
frontal zone, or “head,” is a region of turbulence
where mixing of the cold and warm air is appar-
ently taking place.

4) The frontal inversion is nearly level behind
the head, with typical slopes of 1:50 to 1:200.

Figure 8 shows the potential temperature and airflow
structure of the head of the 12 Dec coastal front, with
an aspect ratio of 4:1. The arrows depict smoothed 3-
minute air parcel displacements and have been ana-
lyzed from 8-second averages of aircraft-observed hor-
izontal and vertical velocity. The subjective potential
temperature analysis is based on unsmoothed 1-second
data. Because of the time difference between successive
passes, the small-scale temperature structure analyzed
between 0 km and —5 km should not be interpreted
as an instantaneous depiction of actual structure, but
rather as an indication of the magnitudes and scales
of temperature variations that were observed in that
region.

After allowing for the 4:1 aspect ratio, good agree-
ment is found between this coastal front and images
of laboratory density currents that are nearly stationary
relative to the bottom of the tank (for example, see
Fig. 2a of Simpson and Britter 1980). The warm air
is seen to flow up over the cold air and become partially
entrained in the inversion, while the cold air below the
inversion flows toward the head, rises, and is entrained
within the inversion. Beyond the mixing region at 0
km to —5 km, the inversion/shear zone is nearly flat
and much less chaotic. The coastal front is also similar
in form to the free-slip numerical simulations of density
currents by Droegemeier and Wilhelmson (1987).

The remaining three fronts were found to have sim-
ilar structure (not shown), but the 4 Dec front pos-
sessed a relatively shallow frontal slope of 1:12 ahead
of the mixing region (see Figs. 2-3 and appendix A).
This front in part resembles a type of density current
known as a density or saline wedge which, as discussed
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by Britter and Simpson ( 1978), is obtained in the lab-
oratory when a density current is brought to rest or
retreats over a fixed lower boundary. Although all four
fronts were moving into the warm air, the 4 Dec front
was the only front that was retreating with respect to
the ground. It was also farthest from the coast, so that
the frictional retardation of the warm air, which leads
to density wedge structures (Jirka and Arita 1987),
would have been greatest.

b. Applicability of density current theory to coastal front
motion

Two nondimensional parameters of a steady-state,
inviscid density current are the internal Froude number
K and the normalized depth /. The Froude number is
defined as U,/(g'H.)"/?, where U, = C — U, is the
speed of the density current relative to the warm air
(with C being the density current speed relative to the
ground and U,, being the speed of the warm air relative
to the ground); g’ = gA8/8, is the reduced gravity (with
A being the virtual potential temperature difference
across the front and 6, being the mean virtual potential
temperature); and H, is the depth of the density cur-
rent. The normalized depth % is H./H,,, the ratio of
the depth of the current to the depth of the warm air
ahead of the current. Throughout this discussion we
will use the subscripts ¢ and w to refer to the cold air
within the density current and the warm air ahead of
the density current, respectively.

Benjamin (1968, hereafter B) investigated the theory
of a density current with no surface drag and no mixing
between the warm and cold air. B found that for a
steady state current, only a single value of K was pos-
sible for a given /4. Specifically,

U./(g'H:)'"? = K(h) (1a)
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with

(1+h) (1b)
The magnitude of K increases monotonically from
1/V2 for a deep density current (2 = 0.5) to V2 in the
limit of a shallow density current (42 = 0). To use this
result to predict the speed of a density current, Eq. (1a)
may be rearranged to give

Ur: C - UW=K(gIHc)1/2' (2)

Britter and Simpson ( 1978, hereafter BS) considered
the effect of mixing between the cold and warm air,
and found that the amount of mixing between the two
fluids affected the value of K for a given 2. The amount
of mixing, or equivalently the amount of inflow of cold
air toward the density current, must be specified ob-
servationally or experimentally. A specific K-/ relation
was obtained by BS by assuming a Richardson number
through the mixing layer consistent with laboratory
experiments of Kelvin—-Helmholtz instability.

A principal cause of differences between inviscid
theory and observations of density currents is the effect
of the lower boundary in slowing down the cold air
through surface drag. In a later paper, Simpson and
Britter (1980) surveyed observations of density current
propagation for a variety of nondimensional depths /.
By plotting C as a function of U,,, Simpson and Britter
found that the effect of friction on (2) could be param-
eterized as

_ — 2
K(h)=((1 h)(2 h))‘/'

C=K(g'H)"* + bU, (3)
where K is reduced from its inviscid value and » was
found by linear regression to be roughly 0.7. Simpson
and Britter also conducted laboratory experiments and
developed a semiempirical theory incorporating surface
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FIG. 8. Cross section normal to 12 Dec 1983 coastal front. Potential temperature has been
subjectively analyzed from I-second observations. Arrows represent parcel trajectories in the
plane of the cross section, with the length of an arrow representing the motion of an air parcel
over a three-minute period. Small-scale motions associated with turbulent mixing along the frontal

interface are not depicted. The aspect ratio is 4:1.
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drag, valid in the neighborhood of U,, = 0, which con-
firmed this resuit. Equation (3) has become a standard
means of comparing observed frontal motion to density
current theory (Smith and Reeder 1988 and refs.).

Coastal fronts, however, lie outside the parameter
range of the atmospheric density currents surveyed by
Simpson and Britter, as well as lying outside the range
of validity of their theory incorporating surface drag.
For coastal fronts, U,, is negative and much larger than
| C|. Inspection of the theory of Simpson and Britter
shows that as U,, becomes negative, the parameter b
approaches 1, and (3) reduces to (2). This makes in-
tuitive sense, for as the velocity of the opposing warm
air increases and the density current slows, friction
within the cold air should have a lesser effect on the
dynamics of the density current. -

Thus coastal fronts offer an excellent opportunity to
compare the simple, inviscid density current theory of
B and the modified theory of BS to actual atmospheric
fronts. Because the fronts are quasi-stationary, with
flow toward the front within the cold air of only 1-2
m s~ the effect of friction on the cold air is minimized.
Also, the warm air ahead of coastal fronts is very weakly
stratified, so the camplication of density current prop-
agation into a stably stratified environment is avoided.

Coriolis effects are not expected to be directly im-
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portant to the density current dynamics because, even
though a coastal front will persist for 18 hours or more,
parcel residence times within the head of a coastal front
tend to be 10 to 30 minutes, much less than the local
inertial period. Inspection of Fig. 4 shows no systematic
along-front velocity maximum in the cold air within
2 km of the leading edge of the fronts, where the steeply
sloping frontal discontinuity would imply a substantial
wind shear if thermal wind balance were locally valid.
As discussed earlier, the Coriolis force is important to
the dynamics of cold-air damming, so its influence may
be felt in two ways: through modulation of the depth
of the coastal front, and through variations in the flow
of cold air toward the front. The implications of an
interaction between cold-air damming dynamics and
density current dynamics will be addressed in sec-
tion 6.

¢. Comparison of theoretical and observed coastal front
speeds

Direct comparison of density current velocities pre-
dicted by B and BS is complicated by different choices
of the definition of H. made in the two papers. For
application of two-fluid theory to atmospheric flows,
the appropriate choice for H. (B, p. 242)is the densi-

TaBLE 1. Comparison of coastal fronts with theoretical density current velocities.

(B) = Benjamin 1968

(BS) = Britter and Simpson 1978

Parameters Coastal front cases
Description Source Symbol  Units 10 Jan 15 Jan 4 Dec 12 Dec
Depth of warm and cold air
Depth of warm air observed H, m 1100 £ 100 1700 =300 1100 £200 1200 % 100
Densimetric depth of cold air observed H® m 220 + 30 350 + 40 225+ 30 260 + 20
Height of base of inversion observed H©®S m 140 + 20 200 = 20 170 = 30 180 = 20
Nondimensional height, after B H®/H,, h® 0.20+0.05 021006 0.21+007 0.22+0.04
Nondimensional height, after BS H/®/H,, HES 0.13+0.03 0.12+£0.02 0.16+0.06 0.15+0.03
Thermal parameters
Virtual potential temperature observed 9,—06. K 53+02 3403 3.3x06 6.6 +0.5
difference
Reduced gravity gAb/8, g ms2 019+001 0.12+001 0.12+002 0.24 +0.02
Internal velocity, after B (g'H®)'2 ms!'  65+06 6.6 +0.7 52+0.8 7.9 +0.6
Internal velocity, after BS (g'H B ms™' 52+0.5 5.0 +0.5 45+038 6.6 +0.6
Theoretical predictions
Froude number, after B Equation 1b K® 1.10£0.07 1.09£0.09 1.09=+0.09 1.07+0.03
Froude number, after BS Fig. 6b of BS (with K®9 1.32£0.12 1.35+0.07 1.22+0.16 1.25+0.08
R; =0.35)
Relative speed of front, after B K® (gH®)\2 U® ms! 7.1 £0.6 7.1 £0.8 5.7 +0.9 8.5+0.7
Relative speed of front, after BS ~ K®S(g'H (B9)1/2 U,BS ms™! 6.8 +0.6 6.7 £0.7 5.5+ 1.0 82+0.7
Observed coastal front velocities _
Speed of front with respect to observed ms' 135+02 0.8 0.1 —-0.6 + 0.1 0.2 £0.15
ground

Speed of warm air w.r.t. ground  observed U, ms?!' -54+04 —6.2+0.5 —6.4 0.8 —94+06
Relative speed of front, observed C — U, U, ms!  6.75 +0.45 7.0+0.5 58+0.8 9.6 +0.6 ]
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metric height. The densimetric height may be defined
as the depth a cold layer would have if the surface
potential temperature and hydrostatic pressure were
held fixed and the vertical potential temperature gra-
dient were confined to an infinitesimally thin layer.
BS, on the other hand, defined H. as the depth of the
unmixed cold air. For the case of linear potential tem-
perature gradient confined to an inversion layer, the
densimetric height H® (H, as defined by B) is the
height of the middle of the inversion, while H 3 (H,
as defined by BS) is the height of the base of the in-
version.

The density current characteristics of the four coastal
front cases are given in Table 1 and compared to theo-
retical predictions of the speed of a density current
relative to the warm air. Lacking complete vertical
profiles of wind and temperature on both sides of the
coastal fronts, we have used 1 km averages from aircraft
passes located at 10 km and 5 km behind the front and
at +2 km, and +5 km in the warm air ahead of the
front to estimate the characteristics of the warm and
cold air. The proper choice for U, was not obvious
because of the presence of wind shear in all but the 10
Jan front, likely caused by surface friction as the air
passed over land. We have chosen U,, to be the mean
warm air velocity averaged over a depth equal to H,®.
The depth of the warm air (H,,) was taken to be the
distance from the ground to the base of the warm fron-
tal inversion capping the neutrally stratified layer, and
was determined from aircraft penetrations of the in-
version (when available) and from rawinsonde obser-
vations. All error estimates are based on differences
among averaging locations and successive passes. In
the case of H,, they also include estimates of errors
due to poor spatial and temporal sampling of the warm
frontal inversion height by rawinsondes.

The observed speeds are found to be quite close to
those predicted by theory. The only notable discrep-
ancy is found with the 12 Dec front, for which the
uncertainty ranges of the observed and theoretical
frontal velocities barely overlap. Observations of the
remaining three fronts match inviscid steady-state den-
sity current velocities to within 0.35 m s ™', well within
the accuracy of the observations. The inclusion of mix-
ing in density current theory causes the theoretical pre-
dictions of BS to be smaller than those of B by a minor
amount, 0.2-0.4 m s~', which does not improve the
already good agreement between B and observed
speeds. Atmospheric features neglected by both theo-
ries, such as friction within the cold air and wind shear
within the warm air, were apparently either insignifi-
cant or tended to cancel.

5. Instability and mixing along the frontal interface

Behind the head of density currents is a region of
rapid turbulent mixing. This mixing has been found
to take the form of Kelvin—-Helmholtz (KH) billows
in the laboratory (Britter and Simpson 1978) and in
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sufficiently detailed numerical simulations (Droege-
meier and Wilhelmson 1987). Tower observations of
cold fronts (Young and Johnson 1984; Shapiro et al.
1985) have also found turbulent mixing with the in-
versions immediately behind the surface fronts.

As seen in Fig. 8, a similar region of turbulence is
present just behind coastal fronts. An example of the
rapid variations of wind and temperature observed
within the frontal inversion behind the head of the
coastal front is found in Fig. 5. The potential temper-
ature and wind between 0 km and —10 km vary on
length scales ranging from <100 m to 2 km. Second-
to-second wind speed variations of 2 m s™! are com-
mon. The potential temperature and front-normal
wind tend to be anticorrelated, as would be expected
for parcels originating on opposite sides of the front.

To determine whether the vertical structure of the
coastal front inversions had been influenced by KH
instability just behind the front, bulk Richardson
numbers were computed by averaging aircraft data
horizontally over 3—-4 km distances between —3 km
and —32 km and computing vertical finite differences
using the formula

Ri = g87' A0(AU) Az (4)
where AU is the magnitude of the vector wind shear
between levels and other symbols have their usual
meaning. The horizontal averaging was over distances
larger than any observed wavelike motions. Across the
frontal inversions, individual estimates of Ri varied
between 0.19 and 0.52, with a mean of 0.31. The few
vertical penetrations of the coastal front inversion by
aircraft indicated that the wind and potential temper-
ature tended to vary linearly with height. Both of these
results are consistent with laboratory studies of inver-
sions after KH mixing (Thorpe 1973). Below the in-
version, wind shear was typically still present while the
stratification was nearly neutral, so that Ri tended to
be less than 0.25 in that region. Above the inversion,
where the second-to-second variations in wind speed
observed by aircraft were weakest, Ri was generally
between 0.5 and 1.0.

At the leading edge of the front, KH instability would
require that the local Ri be less than 0.25 (Miles and
Howard 1964). An estimate of this Ri may be made
using the pass shown in Fig. 5, ignoring the decrease
in effective stability caused by the slope of the frontal
interface. If the interface is nearly horizontal, the initial
Richardson number of the front may be approximated
as

Ri = g0 'AB(AU) 2 Ax sinf (5)
where 3 is the angle of the frontal interface above hor-
izontal and A x is the observed horizontal width of the
frontal zone (see Fig. 9). Using previously quoted val-
ues of A = 3.8°C and Ay = 7.5 m s~! (variations in

v and w across the front were less than | m s™!), (5)
becomes

Ri = 2.5 X 1073 Ax sing. (6)
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FIG. 9. Schematic drawing of aircraft pass through the frontal
zone, showing definitions of 8 and Ax used in estimate of Richardson
number across the frontal zone.

The actual size of Ax is not known, but an upper
bound on the width of the frontal zone is 170 m, the
distance covered by the aircraft in the two seconds be-
tween observations on the warm and cold sides of the
front. Three estimates of 8 are available. Two, as de-
scribed in appendix A, are from a least-squares fit of
frontal locations. On 12 Dec, there were three passes
through the front between 140 m and 245 m. Estimates
of the slope of the front based on gradients of wind
and temperature are —0.15 and —0.19. Because of the
likely curvature of the frontal interface, the actual
magnitude of the frontal slope at 140 m is probably
larger. A third measure of the slope of the front may
be obtained by computing the instantaneous slope (w/
u) of the air in the center of the frontal zone at 140
m. At that point, u ~ —Sm s tand w ~ 1.2 ms™/,
which yields a slope of —0.24, consistent with the ex-
pected bias in the other two estimates. Using
= tan "' (—~0.24 + 0.09) yields

Ri < 0.10 £ 0.04, (7)

which is well below the necessary condition for KH
instability,

6. Discussion

We have presented aircraft observations of the ver-
tical structure of four New England coastal fronts.
Based on the similar structure exhibited by all four
fronts, we infer that the observations are characteristic
of all mature type A and type B coastal fronts. No
aircraft observations were available of type C coastal
fronts, which are produced by upstream blocking by
orography rather than a land-sea thermal contrast
(Nielsen 1989), but our observations are consistent
with the vertical structure calculated by Garner’s
(1986) numerical model of frontogenesis by upstream
blocking. Differences in frontal behavior may be ex-
pected, due to the stably stratified warm air in the type
C cases. This stratification could affect frontal velocities
by inducing borelike disturbances in the warm air
(Smith and Reeder 1988).

By mature coastal fronts we mean fronts accom-
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panied by cold-air damming, in which the coastal front
inversion extends back to the inland mountains as the
top of a pool of cold air. The time scale for maturation
should be comparable to the time required for air orig-
inally within the marine boundary layer to advect east-
ward to the mountains. In New England, with a dis-
tance of 200 km and mean winds of 5-10 m s/, this
advective time scale is 6-12 hours. All aircraft obser-
vations in this study were made at least 12 hours after
coastal front formation.

The coastal fronts were shown to possess the char-
acteristics of a slow-moving atmospheric density cur-
rent. The observed frontal velocities are in close agree-
ment with the inviscid density current theoretical pre-
dictions of Benjamin (1968), as well as the theory of
Britter and Simpson ( 1978) incorporating mixing.

At the leading edge of the cold air, the frontal zone
slopes back from the ground to a height of 300-450 m
over a horizontal distance of 0.5 to 2.5 km. The marine
air reaching the head is forced upward by the cold air,
reaching vertical velocities of up to 2-3 m s™! in a
band 1-2 km wide while accelerating toward the
mountains. The cold air flows toward the front at low
levels, is forced upward at the head, and mixes tur-
bulently with the warm air in the frontal inversion.
Ahead of a coastal front, a 100-300 km wide area of
weak ascent is anticipated, with maximum vertical dis-
placement at the level of the inversion capping the ma-
rine layer.

The coastal front inversion slopes gradually upward
toward the mountains, with a pool of cold air beneath
it. The wind and temperature structure within the cold
pool resembles the case of Appalachian cold-air dam-
ming studied by Bell and Bosart (1988), with a north-
easterly jet present in the cold air at the base of the
inversion. The northeasterly jet supplies a continual
influx of cold air which reinforces the damming and
helps compensate for the loss of cold air by leakage
over the mountain barrier or by mixing into the warm
air through the inversion.

Further study is necessary to determine how the cold-
air damming inversion forms. It seems likely that the
inversion forms initially at the coastal front and prop-
agates westward as the onshore flow intensifies, but it
is possible that cold-air damming may occur indepen-
dently. We note that cold-air damming frequently oc-
curs without coastal frontogenesis, especially when sea
surface temperatures are colder than air temperatures.
Conversely, certain coastal fronts are so short-lived that
damming never develops. In the Carolinas, coastal
fronts form along the Gulf Stream (Riordan et al. 1985;
SethuRaman and Riordan 1988), far from the initial
influence of cold-air damming. They frequently move
inland discontinuously (George 1960), possibly re-
forming along the edge of the pool of cold air.

In New England, with the mountains relatively close
to the coastal temperature gradient, coastal fronts and
cold-air damming tend to exist as a coupled system.
Although they have been described here in terms of
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entirely separate dynamical processes, there is no dif-
ficulty in postulating a mutual interaction in which the
coastal front forms the leading edge of the cold pool.
The equilibrium shape of the cold pool is determined
by the temperature difference and the large-scale pres-
sure gradient. Similarly, the height of a stationary den-
sity current is determined by the temperature difference
and the structure of the warm air flow. Where the equi-
librium depth of the cold pool is equal to the densi-
metric height of a stationary density current, the coastal
front would tend to come to rest.

By this scenario, if the surface heating discontinuity
where the coastal front forms is east of the location at
which cold-air damming would support a stationary
density current, the dynamics controlling the cold-air
damming would prevent cold air from flowing toward
the front to replenish the cold air lost to mixing at the
front. The depth of the coastal front would then de-
crease, causing the front to retreat westward until the
depth of the cold air was sufficient to allow the front
to become stationary. In most atmospheric density
currents, such as gust fronts, one thinks of the speed
of the density current as being determined by the depth
and temperature of the cold air. In the case of a steady
coastal front/cold-air damming system, however, given
a temperature contrast and an ambient onshore wind,
the speed of the coastal front is zero and the depth of
the cold air determines the coastal front’s location.,

The predictive power of the above conceptual model
could be tested by the use of a three-dimensional
steady-state mesoscale model capable of accurately
simulating the airflow associated with a cold-air dam-
ming episode. After determining the structure of the
equilibrium height of the cold dome as a function of
the temperature difference and the ambient pressure
gradient, surface observations of coastal front location
could be compared to that predicted by the density
current equation (2), substituting for H, the model-
determined equilibrium cold dome height. ]

Short-range forecasts of coastal front motion could
also make use of the concept of the coastal front as a
density current. From (2), changes in the warm air
wind speed U,, should lead directly to changes in the
speed of the coastal front. This would be an easily ap-
plied prognostic tool, since the change in frontal speed
would be independent of other theoretical or physical
parameters such as K or H,.
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APPENDIX A
Determination of Frontal Velocities

The determination of frontal velocity is an important
element of any frontal case study. In case studies using
Doppler radar, frontal velocity must be known to de-
duce the front-relative flow structure. Case studies using
tower observations or sequential soundings also require
frontal velocity to determine the proper space-time
conversion and horizontal scales. With aircraft cross
sections, knowledge of even the vertical structure of
the front depends critically on applying the proper
space—time correction.

For example, the aircraft observations of the 10 Jan
front consist mostly of eight passes at increasing alti-
tudes. The passes were roughly evenly spaced in time
and altitude. Consequently, determination of the slope
of the front requires knowledge of the speed of the
front, and vice versa. If the lowest and highest passes
are separated by 1.5 hours, an error of 0.5 m s™! in
frontal velocity will produce an error of 2.7 km in the
relative positioning of the two passes. Independent
knowledge of the speed of the front, say from a series
of frontal passes at surface stations, it is not available
because of the front’s low speed. Bond and Fleagle
(1985), who had only three aircraft passes and no sur-
face data, were forced to position the aircraft passes by
assuming a vertical frontal updraft.

This problem of needing to assume frontal structure
may be avoided by making two aircraft passes at a
single level, thereby determining the speed of the front
independent of frontal shape. For the 15 Jan front, two
passes were made at 235 m, and three passes were made
at 70 m to 110 m. However, the various sets of passes
produced conflicting estimates of frontal velocity,
ranging from 0.6 ms~'to 1.1 m s~'. These differences
are possibly due to spatial and temporal variations in
frontal structure, actual variations in the speed of the
front, errors in the position of the aircraft as determined
from the inertial navigation system, or errors in deter-
mining the horizontal orientation of the front from
surface analyses.

Because of these conflicts, we have used data from
as many passes as possible to determine frontal velocity.
For each pass, the location, time, and elevation were
noted of the easternmost gradient of front-normal
wind. Then, for various frontal speeds, a time-to-space
conversion was applied, the least-squares best-fit line
was calculated through the frontal pass data points,
and the root-mean-square horizontal deviation of the
data points from the best-fit line was evaluated. This
process was repeated for frontal locations determined
from the easternmost temperature gradient, the peak
vertical motion averaged over 200 m, and the peak
vertical motion averaged over 1000 m, yielding four
sets of best-fit lines and rms deviations. The frontal
speed was then chosen to be that speed which mini-
mized the sums of the rms deviations. The results of
these calculations are given in Table Al.
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TABLE Al. Frontal velocities computed from linear least-squares best fit to location of wind shift (A U), temperature break (A§), 200 m
wide maximum updraft location (W?%), and 1000 m wide maximum updraft location (W’ 99%), Also given are the slopes of the best-fit lines
and the root-mean-square deviation (in km) of the data points from the best-fit lines.

Number of data points

Frontal slopes Rms deviations (km)

Frontal speeds (m s™!) AU A9 w200 W 1000 AU Al w200 p1000 AU Al w200 Py 1000
10 Jan 1.35 +0.2! 7 7 7 8 -21 -.22 —.18 -.26 .15 .15 13 17
15 Jan 0.8 0.1 6 6 7 8 ~.18 —.14 -.83 -33 a1 12 12 13
4Dec  —0.6 +0.15? 2 3 5 4 -.09 -.12 —-.34 —.63 — .04 .18 .08
12 Dec 02+0.2 3 3 5 5 —~.16 —.21 -.30 -.25 .00 .02 .07 .10

! From closest match of slopes to 12 Dec front.
2 From W% and W/%° only.

This method of determining frontal velocities does
not require that the slopes of the best-fit lines be similar.
Indeed, as expected, the slopes calculated from the ver-
tical motion tend to be steeper, because they include
the updraft within the warm air above the front.

Because of the 10 Jan flight pattern, the standard
deviations for that case were nearly independent of
frontal speed. We have estimated frontal speed for that
case by matching the four best-fit slopes to those cal-
culated for 12 Dec, a front with similar intensity and
an assumed similar structure. Also, because of the lack
of sufficient data points, the 4 Dec frontal speed was
determined using vertical motions only.

Error ranges for frontal velocities were estimated
from the sensitivity of the rms deviations to changes
in frontal velocity. The rms deviations are all less than
200 m, giving us high confidence in the resulting frontal
shapes.

APPENDIX B
Method of Streamfunction Analysis

The streamfunction analysis shown in Fig. 6 was
produced from direct aircraft observations of the wind
and potential temperature, as well as dynamical con-
siderations. It is meant to represent air velocities av-
eraged locally over periods of about an hour, and does
not include wavelike or turbulent motions with the
warm air or in the frontal zone. Because of a lack of
observations, we have also not attempted to depict ver-
tically propagating gravity waves which may have been
induced in the warm front inversion by coastal front.

Between 200 m and 700 m, aircraft observations
were of sufficient vertical density to compute the
streamfunction directly from wind observations. The
streamfunction was determined by vertical integration
of front-normal wind along columns spaced 10 km
apart, with greater horizontal resolution in the vicinity
of the frontal updraft. Aircraft measurements of vertical
velocity over the front were used as a consistency check.
Below 200 m above ground level, a wind field was as-
sumed that would place the zero streamfunction con-
tour near the center of the coastal front inversion.

Between 700 m and 2000 m, aircraft data were
available at only two levels (1100 m and 1700 m).

Incorrect vertical interpolation of such sparse data
could lead to errors of 100 m to 200 m in the height
of streamlines, changing the sign of the inferred vertical
motion. Vertical profiles of wind and temperature were
only available between 1100 m and 1700 m at +20
km and above 1700 m at —50 km. The aircraft mea-
surements of vertical motion were not suitable for
measuring weak vertical motion over large distances.
Thus, it was necessary to use potential temperature
data to estimate vertical parcel displacements and sug-
gest the proper vertical interpolation of the wind ob-
servations.

The potential temperature data were used in several
ways. First, the aircraft soundings at +20 km and —50
km were compared. It was found that the base of the
northwestern sounding (at 1700 m ) was 0.6°C warmer
than the top of the southeastern sounding (at 1700 m).
From the lapse rates of the two soundings, this suggests
that the isentropes at the northwestern edge of the cross
section are displaced 30 m to 100 m downward relative
to isentropes at the southeastern edge. However, the
large-scale temperature structure as deduced from the
1200 UTC 12 Dec soundings at Portland, ME, Albany,
NY, and Chatham, MA suggests an expected upward
displacement of 50 m. Thus, air parcels traveling from
southeast to northwest within the warm front have ex-
perienced a net downward displacement of 80 m to
150 m relative to the larger-scale flow. Assuming from
the 50 m large-scale isentropic slope an upward parcel
displacement due to large-scale ascent of roughly 25
m, we conclude that the total vertical displacement is
roughly —55 to —125 m for parcels within the warm
front inversion traveling from southeast to northwest
along the cross section.

A second measure of the vertical displacement of
the warm front is given by the knowledge that because
parcels within the marine layer accelerate northwest-
ward as they pass over the coastal front, there must be
a localized horizontal pressure gradient present to ac-
celerate the air parcels. Assuming that this pressure
gradient is obtained hydrostatically by the downward
displacement of air above the marine layer, the mag-
nitude of the necessary displacement can be calculated.
The Bernoulli equation, when applied to a streamline
that undergoes no vertical displacement (in this case,
located at about 1200 m), indicates that a parcel ac-
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celeration from 11 ms™!to 15 m s~ requires a pressure
drop of 0.65 mb. If this pressure drop is produced hy-
drostatically entirely within the warm front, the warm
front must undergo a net downward displacement of
about 100 m. A downward displacement of similar
magnitude is required for the more gradual acceleration
observed in the marine layer well beyond the front. In
reality, a significant fraction of the pressure drop is
likely to be caused by downward displacement above
the warm front, so we therefore expect a total vertical
displacement of 100 m to 150 m, with about half of
the displacement realized directly above the frontal
updraft. The horizontal scale of the downward dis-
placement above the frontal updraft is determined from
aircraft observations of the horizontal scale of the ac-
celeration.

The two techniques above suggest a net downward
displacement within the warm front on the order of
100 m, with much of the displacement concentrated
over the coastal front itself. This topography of the
warm front inversion is consistent with the numerical
simulation of Baines and Leonard ( 1989) for the case
of subcritical flow flowing over a front-shaped obstacle.
The vertical interpolation of winds above 700 m was,
therefore, subjectively tuned to yield vertical streamline
displacements of about 100 m within the warm front
inversion.
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