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ABSTRACT

The interaction of aceanic fronts in the vicinity of the Gulf Stream with an atmospheric coastal front duting
the Genesis of Atlantic Lows Experiment (GALE) is examined using aircraft, satellite, and ship data. The
nearshore, midshelf, and Gulf Stream oceanic fronts are readily discernible from low-level aircraft radiometer
and satellite imagery data. The three-dimensional {3D) structure of the coastal front is extensively mapped by
low-level aircraft transects through the frontal boundary.

Results confirm the existeiice of the coastal front as a very shallow (depth less than 200 m), spatially inho-
mogeneous, undulating material surface. Aircraft observations from 2000 to 2200 UTC (late afterncon local
time) show a surface location of the coastal front that is aligned over the Gulf Stream oceanic front under
conditions of very weak (2 ms™) onshore fiow, but is observed to migrate shoreward for stronger on-
shore flow.

Ahead of the front in the warm air, the marine atmospheric boundary layer is characterized as well mixed
with broken cumuius and stratocumulus cloud bases observed near 500 m, and tops varying from {300 to 1900
m. The dominant scale of turbulent eddies is observed to be on the order of the boundary-layer depth. Conditional
sampling statistics point to a strong direct circulation ahead of the front dominated by intense, narrow, warm
updrafts, and broader, less intense, cool downdrafis.

Behind the coastal front jn the cold air, visibility is much reduced by low-level fractus and layered stratocumulus
clouds. The shallow subcloud layer is observed to be generally moister and more statically stable than ahead of
the front. It is also characterized by an indirect circulation with more prevalent cool updrafis and warm downdrafis,
panticularly for the near—cloud-base region.

However, behind the front there exists a strong thermodynamic coupling of atmosphere and ocean as evidenced
by the distinctly different atmospheric regimes present over the oceanic nearshore and midshelf front regions.
Over the nearshore region, the horizontal wind structure is dominated by 100-m waves imbedded in a weaker
1-2-km circulation. Warm updrafts are observed over the nearshore waters, but the smaller air-sea temperature
difference effectively limits large temperature perturbations. Hence, much smaller sensible heat flux is evident
over the nearshore region as compared to the oceanic midsheif region. Over the midshelf region, turbulent
eddies on the scale of 1.5 times the depth of the front { 120 m) are solely responsible for the larger positive heat
flux. The transition zone of the coastal front aloft near 150 m is remarkably confined to just the oceanic
nearshore shelf, located between the nearshere waters and the midshelf region.

The frontal surface itself is observed to play an important role in the 3D atmospheric circulation in the
vicinity of the front. The front causes a decoupling of the region just above the frontal surface by inhibiting the
vertical transfer of fluxes from the surface. Cospectra for regions just above the front show no contributions
from smaller waves generated by near-surface processes {on the order of 100-500 m) that are evident just ahead
of the front. This suggests a decoupling due to the frontal boundary. Associated with this decoupling and the
subsequent stabilization of the region above the front is the occurrence of buoyancy waves. These waves of
wavelength approximately 840 m are believed to be a resuit of penetrating thermals and/or instabilities present
along the frontal surface.

1. Introduction

For the past 40 years meteorologists have sought to
document the features associated with coastal front
formation and development. Knowledge of this very
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shallow baroclinic zone has progressed from the work
of Carson { 1950}, who observed wintertime stratus off
the east coast of the United States associated with the
Gulf Stream (GS) front, to the more recent works of
Bosart (1975), Marks and Austin (1979), Ballentine
(1980), and Nieisen and Neilley (1990), who docu-
mented relevant synoptics, dynamics, and precipitation
structure of New England coastal-front formation.
The importance of the coastal front in providing an
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environment conducive to subsequent cyclogenesis is
well documented (Bosart and Lin 1984). In the evo-
lution of 18 major East Coast cyclones, Kocin and
Uccellini ( 1984 ) noted that coastal fronts were present
for 13 storms. Our knowledge of the coastal front as
an important source of low-level moisture and positive
voriicity aiding cyclogenesis is well specified, as is the
variety of physical mechanisms identified as important
contributors to coastal frontogenesis. Among them are
the Iand-sea temperature contrast, coastal configura-
tion, differential surface roughness, and differential
diabatic heating {( Bosart 1975).

The purpose of this paper is to document the 3D
atmospheric mean and turbulence structure of a shal-
low coastal front observed offshore of North Carolina
on 12 March 1986 during the Genesis of Atlantic Lows
Experiment (GALE). The goal is to understand the
interaction between the dynamics of the coastal front
and the underlying GS sea surface temperature (SST)
discontinuity. The relationship between atmospheric
fronts that form in response to SST discontinuities
(such as at the north wall of the GS) and coastal fronts,
which form in the same vicinity, but often due to a
variety of different physical mechanisms, is not well
understood (Warner et al. 1990). Up until now, a clear
delineation of the dynamics of the two fronts has not
been attempted.

Recent studies have examined the dynamics of the
marine atmospheric boundary layer (MABL) due only
to SST discontinuities. Rogers ( 1989 ) and Khalsa and
Greenhut (1989) considered the MABL structure in
the vicinity of oceanic fronts or SST discontinuities
during the 1986 Frontal Air-Sea Interaction Experi-
ment { FASINEX ). Results from FASINEX, which are
considered valid for open-ocean temperature fronts,
have contrasted the vertical structure of the MABL on
the warm side of the oceanic front with that of the cold
side. Herbster ( 1990) emphasized that the presence of
a SST front can produce rapid modifications to MABL
circulation. Khalsa and Greenhut (1989 ) provided ev-
idence for secondary circulation in the vicinity of the
SST front, emphasizing that surface divergence and
subsidence caused by the strong, frontally induced
pressure gradient over the warm water resulted in a
sinking dry-air region. A related numerical study by
Wai and Stage (1989) emphasized a similar MABL
circulation near a GS oceanic front. However, each of
these studies considered only the MABL as related to
a SST front and did not specifically address the rela-
tionship, structure, and dynamics of the oceanic front
and the coastal front.

Knowledge of the smaller-scale (mesogamma-scale)
structure of fronts has been limited by the lack of rou-
tinely available observations, Previous studies of the
coastal front and its dynamics have pertained to the
mean structure, or model-generated forecasts of mean
and turbulent structure, because turbulence data of this
elusive phenomenon were not available. GALE, con-
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ducted off the Carolinas from 15 January to 15 March
1986, provided a high temporal and high spatial res-
olution dataset capable of resolving coastal frontogen-
esis processes ( see Raman and Riordan 1988, for details
on the GALE field project). An extensive array of spe-
cial measurement platforms, including MABL research
aircraft, were utilized during GALE. The aircraft con-
sidered in the 12 March study made several low-level
passes through the coastal front. In section 2, we con-
sider the synoptic setting and basic experiment design
including data collection and analysis for 12 March.
Section 3 details the location, characteristics, and mean
structure of the coastal front in relation to the oceanic
front. In section 4, turbulence structure is considered
in detail. Spectra and cospectra are utilized to under-
stand the important scales of motion. Transects
through the coastal front are examined vsing condi-
tional sampling to investigate the existence of convec-
tive thermals or waves in and along the front. A dis-
cussion and conclusions are given in section 5.

2. The setting
a. Synoptics

The synoptic conditions on 12 March 1986 were
favorable for coastal frontogenesis offshore of North
and South Carolina. The 1200 UTC National Mete-
orological Center (NMC) surface analysis (Fig. 1a)in-
dicated a cold 1032-mb anticyclone in the eastern
James Bay (S0°N, 77.5°W) well north of the GALE
area. The southern region of this anticyctonic surface
flow reached into North and South Carolina with a
cool wedge of air dammed from the North Carolina-
South Carolina border westward to the Appalachian
Mountains. The presence of the cold anticyclone to
the north provided “classic” north-northeasterly flow
along the coast, conducive for coastal frontogenesis
(Bosart et al. 1972).

A cold front that pushed through earlier (0000 UTC
12 March) was situated west-northwest to east-south-
east through western North Carolina and northern
South Carolina (Fig. 1a} and showed littie movement
for the following 12 h (Figs. ib,c). Upper-level flow
(500 mb) at 1200 UTC 12 March and 0000 UTC 13
March (Figs. 2a,b) indicated a building ridge in the
Great Lakes region upstream of the cold surface anti-
cyclone. Such a location provided upper-level support
for the maintenance of the surface anticyclone through
1200 UTC 13 March.

It should be noted that at 1200 UTC 12 March near-
surface flow up to an altitude of approximately 400 m
for regions offshore of North and South Carolina was
predominantly north-northwesterly (offshore ) {Fig. 3)
instead of relatively warm, moist onshore flow typically
associated with the coastal front. This suggests that, for
this area, the front had not yet developed at 1200 UTC
(see section 3).
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FiG. |. NMC surface analysis for (a) 1200 UTC 12 March 1986,
{b} 1800 UTC 12 March 1986, and (c) 0000 UTC 13 March 1986,
The isobar interval is 4 mb.

b. Experiment design

Quantitative observations of the MABL on 12 March
were obtained from a variety of platforms. The primary
data source was the National Center for Atmospheric
Research (NCAR ) King Air research aircraft. An ad-
ditional aircraft operating in the area, the NCAR Elec-
tra, also provided supporting observations. Figure 4
shows the flight tracks of the two aircraft offshore of
North Carolina along with the high-resolution (2.5 km)
sea surface témperature (SST) field obtained from the
NOAA-9 satellite. The Electra mission (1200-1900
UTC) was designed to examine the vertical structure
of the mean and turbulent MABL for prestorm con-
ditions of an offshore cyclogenesis case. To accomplish
this task, the Electra flew four vertical *“‘stacks”™ at stra-
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tegic locations offshore. Each stack consisted of four
to six level horizontal legs of length 30-32 km at various
altitudes in the MABL. The first stack (EA: centered
near 33.8°N, 76.8°W) was located west of the GS over
the cooler nearshore waters (SST = 18°C). The second
stack (EB: 34.1°N, 75.9°W) was located near the west-
ern edge of the GS (SST = 24°C), and the last two
stacks (EC and ED: 34.0°N, 73.5°W ) were located over
the GS farther east (SST = 20°-21°C). Only three of
these stacks are considered in this study (EA. EB. and
EC in Fig. 4). The fourth stack (ED) was approxi-
mately 75-100 km east of stack EC and showed little
difference in vertical structure. Table 1 provides infor-
mation for the various levels of each stack. In addition,
vertical ascent or descent profiles were flown at each
stack to provide mean vertical structure.

While the primary emphasis of the Electra mission
was to examine the vertical MABL structure, the King
Air mission (2000-2200 UTC) was designed to provide

30°
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FiG. 2. NMC 500-mb analysis of height (dam, solid lines) and
temperature {*C, dashed lines) for (a) 1200 UTC 12 March 1986
and (b) 0000 UTC 13 March 1986. Contour intervals are é dam and
5°C.
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FiG. 3. The 1200 UTC 12 March 1986 CLASS sounding ai the research vessel Cape Hatieras (RVC) of potential
temperature 8, mixing ratio MR, relative humidity , wind speed WS, and direction WD.

extensive mapping of the horizontal and low-level ver-
tical structure of the coastal front. The King Air flight
track was almost exclusively limited to low-level hot-
izontal transects in the coastal front region, with the
exception of the vertical stacks at 4 and E (legs 20 to
25 km in length) (see Table 1 for details).

Two low-level horizontal transects of approximately
85 km each were flown between points A and B. The
first transect from A to B (2002-2020 UTC) at an al-
titude of approximately 30 m was designed to give low-
level turbulence structure across the coastal front, as
well as provide a fix on the location of the front. The
return transect from B 10 A (2022-2036 UTC) at ap-
proximately 148 m was designed to intercept the front
aloft and give turbulence structure across the front near
the frontal interface. In addition, the vertical slope
of the frontal boundary is estimated from the posi-
tion of the front aloft in relation to the near-surface
(30-m) position.

After a four-level stack at A (2038-2102 UTC), a
second transect from A toward B at 30 m was per-
formed. The mission plan was to use the position of
the coastal front determined from the previous AB
transect {designated as point C 34.62°N, 75.53°W)
and fly from A to C at 30-m altitude, then proceed
southwestward with a fixed aircraft heading of 230° 10
point D (34.3°N, 76.0°W) to roughly parallel the SST
isotherms and hopefully parallel the coastal front. At
point D the King Air would turn south (toward point
E) to intercept the research vessel Cape Hatteras
(RVC) (on station at 33.9°N, 76.0°W). At point E
{33.8°N, 76.0°W) on the warm side of the front, the
King Air performed a vertical stack with RVC located
at the northeasterly end of the pattern.

In addition to aircraft observations, supporting ob-

servations of mean vertical soundings from the Cross-
chain Loran Atmospheric Sounding System (CLASS)
aboard the RVC at 1200, 1500, 1800, and 2100 UTC
12 March were also obtained.

c. Aircraft turbulence data and analysis

A description of the instrumentation on board the
King Air and the Electra is discussed in detail elsewhere
(see LeMone and Pennell 1980; Lenschow and Spyers-

12 MAR 1986
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FiG. 4. High-resolution sea surface temperature field obtained from
NOAA-9 satellite imagery. Contour interval is 1°C. Low-level King
Air aircraft flight tracks are given by dashed lines. Solid lines indicate
regions of King Air (A, E) and Electra (EA, EB, EC) vertical aircraft
stacks.
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TABLE 1. 12 March 1986 Aircraft stacks.

Stack Latitude (°N) Longitude (°W) Time (UTC) z(m) Heading (deg)

EA 33.83 76.76 1354:01-1359:00 37 215
1403:01-1408:00 108 37

1412:01-1417:00 182 213

1420:31-1425:30 310 37

EB 34.06 75.87 1449:01-1454:00 40 41
1458:01-1503:00 116 215

1507:01-1512:00 185 45

) 1516:01-1521:00 316 215

EC 3397 73.50 1606:01-1611:00 37 10
1615:01-1620:00 115 185

1624:30-1629:30 178 18

1634:10-1639:10 678 190

A 35.02 75.72 2038:10-2043:10 30 36
2045:00-2049:10 86 215

2051:00-2055:30 157 38

20537:15-2101:45 275 216

E 33.80 76.00 2147:01-2151:30 28 231
2153:31-2158:30 88 56

2202:01-2207-00 433 230

2209:30-2214:10 872 52

2217:01-2222:00 1432 230

2228:01-2231:00 1737 02

Duran 1986). Only a brief discussion of the aircraft
turbulence data and analysis utilized in this study is
given here.

To consider turbulence characteristics of the bound-
ary layer in the vicinity of the coastal front, condition-
ing of the raw aircraft data was performed to remove
contributions from larger nonturbulent events. Aircraft
turbulence data were recorded at 50 samples per sec-
ond. Postprocessing of all data then involved digital
filtering with four-pole low-pass Butterworth filters with
a 10-Hz cutoff frequency (corresponding to a response
function at 10 Hz of 0.707). Data were then interpo-
lated to 20 samples per second. A compound running
mean subtraction filter that effectively removes low
frequencies (A > 10 km) was then employed. The
transfer function 7°(J) of the compound running mean
is given as:

T = 11 — sin(afty) sin(aft)(x2f30) 1P (1)

where fis frequency, and #, and ¢, are the length (s)
of the primary and secondary running means, respec-
tively. This filter was chosen because the transfer func-
tion is better behaved than that of a simple running
mean. For exampie, for 20-Hz King Air data, with an
aircraft speed of approximately 75 m s, running
mean lengths ¢, = 51.4 sand £, = 0.7¢, = 36.0 s, result
in 90% reduction of spectral power for A = 10 km with
little effect at smaller wavelengths.

Calibration of the 20-Hz Lyman-¢ humidity data
was achieved using the method of Lind and Shaw
(1991) in which a linear regression of Lyman-« data
on 1-Hz hygrometer data was performed.

Values of SST determined from the downward-
viewing radiometer were not corrected for reflected sky

radiation or atmospheric absorption. Downwelled in-
frared radiation reflected from the ocean surface is
generally only important in broken cloud conditions,
especially cumulus clouds, for which the magnitude of
the error in SST can vary up to 0.5°C (Liu and Katsaros
1984). Across the oceanic front during FASINEX,
Herbster { 1990} indicated that SST errors can also vary
up to 0.5°C due to atmospheric absorption. While these
errors in SST can be significant, it should be noted that
the relative sensitivity of the radiometer is quite good.
Thus, in this study for the purpose of positioning the
location of the SST front, corrections to SST values
obtained from the downward-viewing radiometer will
not significantly affect the determination of the frontal
location.

3. Description of the coastal-front environment
a. Frontal location

Figure 5 shows time series traces of SST, potential
temperature #, mixing ratio MR, wind direction WD,
wind speed WS, and vertical velocity w for the 30-m
transect from 4 to B, and the return 148-m transect
from B to A. Four separate regions (desigriated as NS,
NSS, MS, and GS) are indicated in Fig. 5 as derived
from the SST field (Fig. 5a). Region NS indicates the
nearshore waters where the SST ranged from 12° to
17°C. Region NSS indicates the nearshore shelf char-
acterized as the approximaiely constant (18°C) SST
region between the oceanic nearshore and midshelf
fronts. Region MS delineates the midshelf characterized
as the approximately constant {20°C) SST region be-
tween the midshelf front and the GS front. The 88T
of the GS region is approximately 24°C.
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FiG. 5. King Air time series traces from 4 10 B at 30 m and the return transect from Bto 4 at
148 m of (a) sea surface temperature, (b) wind direction, (c) potential temperature, (4} wind speed,
(e) mixing ratio, and (f) vertical velocity. Regions indicated as nearshore (NS), nearshore shelf
(NSS), midshelf (MS), and Gulf Stream (GS) are determined from the sea surface temperature
transect, The three dashed vertical lines represent the nearshore front, midshelf front, and Gulf
Stream front.

The coastal front is most easily distinguished in the over the GS and MS regions. The transition zone at

WD trace (Fig. 5b). Behind the front at 30 m the winds 148 m from the warmer, southerly flow to the cooler,
are nearly unidirectional from 40°. The winds shift northerly flow occurs over roughly a 10-km distance
rapidly on the warm side of the front to 160°-200°. over NSS. Thus, the slope of the frontal boundary along
Note that the coastal front boundary at 30-m altitude transect AB appears steeper near the surface than at a
(as determined from ¢ and WD) is aligned over the height of 148 m. Indeed, if the coastal front is “tied”

@GS front.
From the 148-m transect the location of the frontal boundary is vertical at point C (as indicated in Fig. 7).

to the western edge of the GS at this time, then the

boundary is not as easily pinpointed. From the WD The time series traces at 30 m from Cto D (roughly
trace (Fig. 5b) the winds vary only from 160° to 200° parallel to the coastal front along the 20°C SST iso-
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FiG. 6. King Air time series traces as given in Fig. 5, but for the 30-m transect from C to D.
Regions (i) and (ii) represent passes through the coastal-front boundary. The regions CD,, and CD,
refer to regions on the warm and cold sides of the front, respectively.

therm) shown in Fig. 6 emphasize the spatially inho-  passes were made through the frontal boundary. Thus,
mogeneous nature of the frontal boundary. Aircraft CD, is the portion of the transect from point C to D
data for the first 8 km along the CD transect indicate  on the cold side of the coastal front.

relatively cooler, moister, and more turbuient flow from Interestingly, the aircraft did make several passes
the east-southeast, characteristic of the cold side of the  from warmer, drier southerly flow to cooler, moister
coastal front. This suggests the aircraft was flying below  northerly flow. Transects through the frontal boundary
the front. For the next 16 km (region CD,,), the aircraft  occurred near 34.44°N, 75.76°W [regions (i) and (ii)].
was flying in relatively warm, onshore, less turbulent The wind direction changed rapidly from southerly to
flow (6 = 287 K; WD = 140°) characteristic of the northeasterly [region (i)] and then back to southerly
warm side of the front. The remaining 25 km to point  [region (ii)]}. The solid and dashed lines for the CD
D (region CD,) was also in the cooler, moister flow transect in Fig. 7 represent the passage from above the
similar to the first 8 km of the CD transect. To help front (warm air) to below the front (cool air).
distinguish the location of the aircraft leg relative to The “composite” scenario of the 12 March 1986
the location of the coastal front, subscripts ¢ (for cold  coastal front shown in Fig. 7 is based on low-level King
side) and w (warm side) are used for those legs in which  Air transects, CLASS soundings, satellite pictures, and
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FiG. 7. Composite scenario of the 12 March 1986 coastal front valid for 2000-2200 UTC. Lines
connecting 4, B, C, D, and E represent King Air transects as given in Fig. 4. Solid lines indicate the
aircraft was flying above the frontal boundary while dashed lines indicate the aircraft was under the
boundary. The dotted line represents the western edge of the Gulf Stream observed to coincide with
the surface position of the coastal front near C, but located slightly southeast of the migrated coastal
front near E. The heavy dashed line indicates the estimated surface position of the coastal front based

on a linear frontal slope.

aircraft observers’ reports of cloud type and cover. The
frontal location and slope given in Fig. 7 are estimated
. from the aircraft transects. Unfortunately, the aircraft
did not make multiple passes through the front at var-
ious altitudes, so the only available estimate of the
frontal slope from 30 to 148 m is a linear one {as given
in Fig. 7). The estimated vatue of the frontal slope dz/
dx using the height of the front obtained from the 30-
m and 148-m transects is 3.3 X 1073, Thus, while the
depth of the front at C was observed to be 30 m, the
estimated height of the front at A located 50 km to the
northeast is 195 m. Observations of cloud cover from
the aircraft support this height. Low fractus was ob-
served at A extending down to a height aslow as 200 m,
as depicted by cloud base at A4 (jagged line in
Fig. 7).

If one assumes the frontal boundary is also linear
from the 30-m aircraft flight level down to the ocean
surface, then simple extrapolation would provide an
estimate of the location of the surface position of the
coastal front. The heavy dashed line over the GS shown
in Fig. 7 represents this estimated location. However,
from the aforementioned discussion of the relative
steepness of the coastal front near the surface at C'(and
as illustrated in the traces of Fig. 5), the front appears
not to extend well over the GS region, but instead is
aligned more over the GS front. Indeed, this is how
the coastal front is represented in the composite sce-
nario of Fig. 7. Justification for such an alignment is
provided in the aircraft transect data and SST patterns.

Consider first the transect given in Fig. 6 from Cto

region (i) where the front is intercepted by the aircraft.
Because the aircraft is flying at constant altitude, esti-
mates for the location of the surface front can only be
derived from locations where the aircraft intersects the
frontal boundary. Hence, for a linear frontal slope, the
surface location must be exactly the same distance from
the transect, and the estimated location of the surface
front (dashed lines) is simply drawn parallel to the
transect. In fact, if the linear frontal slope is assumed
valid along the transect from C to region (i} at 30 m,
then the transect should be precisely at the frontal
boundary. In reality this is not observed because ob-
viously the front is not a smooth, linear boundary but
probably more an undulating one similar to the MABL
inversion lid characterized by both cool and warm
domes (Atlas et al. 1986). For the portion CD,, of the
transect, because the aircraft was above the front in
predominately warm onshore flow and not in the cooler
offshore flow, it is reasonable to assume that the surface
location of the frontal boundary was closer to the air-
craft (i.e., farther northwest toward the GS front). Ob-
servations of high-resolution SST (Fig. 4) indicate that
the location of the GS front was near 34.5°N, 75.5°W,
or northwest of the estimated surface coastal front po-
sition. This lends credence to the assumption that the
coastal front was aligned over the GS front near point
¢ for the period 2000-2200 UTC,

Time series traces for the 30-m transect from D to
E (not shown) indicate similar results as did the 4B
transect (Fig. 5). A sharp shift in wind direction from
20°-30° on the cool side to 160° on the warm side is
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similar to that seen in the 4B transect. Note that the
surface position of the coastal front shown in Fig. 7
extends farther south from D as compared to C. This
appears justified because the 30-m transect from CD,
was entirely in cool, northeasterly flow, indicating that
the front was deeper from CD, than from CD,; that
is, the surface position was farther south near D.

An interesting difference in the transects DE and 4B
is the location of the front at 30-m altitude relative to
the location of the GS front. The location of the coastal
front determined from the DE transect is not aligned
over the GS front as at C, but the GS front appears to
be located slightly farther oftshore. Thus, the coastal
front near E appears to have migrated shoreward a
distance on the order of kilometers (Fig. 7). The front
does not appear to be permanently tied to the G5, as
also illustrated by Riordan ( 1990) for the GALE I0P
2 coastal front. The determination of the exact location
and hence migration of the front near E is made more
difficult by the orientation of the DE transect, which
is more parallel to the SST gradient near the G5 as
compared to the nearly perpendicular AB transect (see
Fig. 4). We consider the migration of the front in more
detail in section 5.

b. Coastal-front characteristics and the underiying SST
regions

The low-level aircraft transects given in Figs. 5 and
6 illustrate the complex relationship between the coastal
front and the underlying SST regions. The transect
along AB roughly perpendicular to the coastal front
emphasizes the four distinct SST regions (Fig. 5a). The
low-level atmospheric temperature and moisture
structure as defined by the 30-m transect (Figs. 5¢,¢)
indicates strong coupling of the thermodynamic field
with the SST field, showing a “steplike” structure from
the oceanic NS front to the MS front to the GS front.
In contrast, # and g traces for the 148-m transect show
less influence of the underiying SST gradient. The
transfer of heat and moisture for the more stable at-
mospheric conditions evident behind the coastal front
(as opposed to the deeper, more well-mixed MABL
over the warmer GS region ) is limited to a much shal-
lower depth. It is interesting to note the uniform # trace
over the GS at both 30 and 148 m, but a sharp decrease
in moisture across the GS front.

The horizontal wind field along 4B (as discussed in
section 3a) shows a coastal front aligned over the GS
front near the surface and sloping back over the MS
region with the transition zone at 148 m confined be-
tween the oceanic NS and MS fronts. There is a marked
deceleration of horizontal wind speed across the coastal
front at 30 m (Fig. 5d), but a substantial increase in
vertical velocity variance (Fig. 5f). Over the varying
SST regions northwest of the GS front, there appears
little coupling of SST with either wind speed or vertical
velocity at 30 m. Wind speed shows an approximately
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linear decrease from the NS region to the GS irrespec-
tive of the SST gradient, while vertical velocity variance
remains roughly constant.

The transect from CD (Fig. 6) aligned approximately
parallel to the 20°C isotherm supports the aligning of
the coastal front parailel to the GS front. The aircraft
transect above the coastal front in the warm air (CD,.
of Fig. 6) coincides with the region of warmest SST
(Fig. 6a), as it should if the GS front (and coastal front)
were located farther southeast. It is more difficult to
draw conclusions concerning the coupling of the ther-
modynamic field with the SST field for transect CD
(and DE) because of their orientation more parallel to
the SST field. However, note that the coastal front must
not always be strongly coupled with the underlying
SST, as illustrated by the small shoreward migration
of the coastal front near E. Also regions {i) and (ii) of
Fig. 6, indicating passes through the frontal boundary,
show little dependence on SST.

¢. Mean vertical structure

Mean vertical structure in the vicinity of the coastal
front on 12 March is illustrated in Figs. 8 and 9. Figure
8 shows mean vertical profiles of 8, MR, relative hu-
midity RH, WS, and WD for the 1800 UTC 12 March
CLASS soundings at Cape Hatteras, North Carolina
(HAT in Fig. 4), and the leg-averaged values obtained
from the over-ocean King Air stack A (2038-2102
UTC) located approximately 50 km to the southwest.
This set of profiles is considered representative of the
mean vertical structure in the near-coastal regions be-
hind the coastal front from 1800 to 2100 UTC 12
March.

Typically behind an atmospheric front, the MABL
is well mixed. However, the leg-averaged ¢ values and
the 1800 UTC HAT CLASS sounding indicate a moist,
stable atmosphere up to 2 km. At stack A low-level
(30-m) air temperature {13.0°C) was approximately
equal to the underlying SST (12.5°C) even for the cool,
northeasterly MABL flow, supporting the strong stable
level evident at A. Winds near the surface were north-
northeasterly, veering almost linearly with height to
southwesterly at 2 km, indicating the coastal front is
indeed farther offshore.

Figure 9 shows similar soundings but for the research
vessel Cape Hatteras {RVC in Fig. 4) at 1500, 1800,
and 2100 UTC 12 March, Also given are leg-averaged
values from aircraft stacks located near RVC flown at
approximately the same time. The leg-averaged values
given in Fig. 9a are from Elecira stack EB (1449-1521
UTC). Those given in Fig. 9b are from stack EC (1606-
1639 UTC), and those in Fig. 9¢ are from King Air
stack E (2147-2231 UTC). These profile sets are con-
sidered representative of the mean vertical structure
ahead of the coastal front in the warm air. The profiles
indicate that RVC remained on the warm side of the
coastal front from 1500 to 2100 UTC. Wind direction
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FIG. 8. The 1800 UTC 12 March 1986 CLASS sounding as shown in Fig. 3 for Cape Hatteras, North Carolina
(HAT) representative of the cold side of the coastal front. Also given are leg-averaged King Air aircraft values of
potential temperature, wind speed, and direction at stack A (as indicated in the legend).

in the lowest 500 m for each profile was typically on-
shore (90°-140°) and relatively light (3-6 m s™'), as
compared to the 1200 UTC RVC profile (Fig. 3}, valid
before the front had formed in which the wind was
offshore (WD = 270°-350°). The # profile shows a
deeper, well-mixed layer as compared to behind the
front. The descent (&,) and ascent (#,) profiles of po-
tential temperature obtained from the King Air at stack
E are shown in Fig. 9a. The # observations at 1500
UTC in the lowest 500 m from the CLASS sounding,
ascent and descent profiles, and leg-averaged values
are all within 0.8°C. Aircraft profiles of potential tem-
perature above 500 m differ by 1.0°-1.5°C, though the
general profile shapes agree. The large descent-ascent
angle of the aircraft can have a significant influence on
the vertical gradients { Atlas et al. 1986) and could be
responsible for the discrepancy.

The 1800 and 2100 UTC @ profiles ( Figs. 9b,c} sug-
gest a well-mixed subcloud layer of approximately
500 m. Profiles of water vapor mixing ratio indicate
an increase from near the surface to approximately
500 m, supplying moisture to the overlying clouds.
Observer's reports from the King Air at stack E indi-
cated broken stratocumulus with bases near 500 m.
Winds in the lowest 500 m were 2-5 m s~ from the
east-southeast with large shear both in magnitude and
direction near cloud base. A strong, capping stable layer
corresponding to cloud top was evident at a height of
approximately 1750 m at 1800 UTC and had lowered
10 approximately 1300 m by 2100 UTC.

Stack EC is included in Fig. 9b although it is located
approximately 200 km east of RVC and stacks E and
EB. The relatively weak SST gradient between RVC
(SST = 23°C) and EC (SST = 21°C) (Fig. 4) and the

absence of any strong synoptic-scale forcing allow for
reasonable comparison. The leg-averaged values of 8
for EC show a well-mixed MABL similar to the 1800
UTC RVC sounding with the mean # boundary-layer
value 2°C cooler for EC than RYC—roughly the same
value as the 85T difference. The wind direction in the
MABL is also onshore at EC as at RVC, but the wind
speed magnitude at EC is approximately twice that
at RVC,

4. Turbulence characteristics

a. Low-level transects

To distinguish differences in turbulence structure in
the vicinity of the front, turbulence flight data from
the King Air low-level transects on 12 March were di-
vided into several legs (as emphasized in section 3 and
illustrated in Fig. 7). Specifics for each leg are given
in Table 2. Legs AC, CD,, and DE, were flown at a
height of 30 m in the cold air west of the front, while
legs CB and CD,, were flown at a height of 30 m, but
east of the front in the warmer air. Leg BA is the return
transect flown at a height of 148 m.

From the discussion of the sioping frontal boundary
in section 3, it is apparent that knowing the location
of the aircraft in relation to the location and depth of
the frontal boundary is crucial to proper interpretation
of turbulence statistics. For example, turbulence sta-
tistics given in Table 2 for legs AC and DE, located in
the cold air west of the front are within 13% of one
another (with the exception of temperature variance
#'%_which is approximately 35% smaller for leg DE,).
However, because both of these legs were flown at a

11— o bbbt =



JANUARY 1952 HOLT AND RAMAN 27
RvC 12 MAR 86
MR (g/kg) WS {m/s)

20008 78 9 0N 252 4 6 8 10 12 a0
o 60 e (a} .
-~ = 1500 UTC .

1500 F Jisoo
: - —— ;

1000 |- (. —_I‘IOOO
o { -

500 ] s00
C ! .
- ” -
oL 4 e = )

2000 2000
- ~ b C .

1500 F J/ 1800UTC WS\\#' disoo
t - : —

Ei000f e Ji000E
- - ~N
~N - J -
| - —
500 & S —s00
o .
o ; 2.': % - 0

2000 - 1 'l_ L) 14 1 T 1 M T T .7 1 ;‘g 1 2000
Fd0 30 ¢ e °
: (e) b 1500

1500 - -

- “xR\’?‘ 2100 UTC * (S—Ws  °
- MR ’

1000 f 1000

SO0 F 500
-

L R 0

o
291 293 295 297 299 301 303

6 (K}
FIG. 9. The 12 March 1986 CLASS soundings

120 160 200 240
WD ({deg)

al RVC as shown in Fig. 8, representative of the

80

warm side of the coastal front for (a) 1500 UTC, (b) 1800 UTC, and (¢) 2100 UTC.

constant altitude of 30 m and at a constant heading of
approximately 150°, that is, approximately normal to
the frontal boundary, the aircraft sampled at a nor-
malized height ( with respect to the depth of the front)
that was changing with distance (as illustrated in Fig.
7}. The boundary depth is less at the southeastern por-
tion of the ieg as compared to the northwestern portion.
Thus, comparison of results to other legs with a con-
stant boundary-layer depth will not be valid.

To examine the possibility of the changing depth of
the front influencing turbulence at 30 m, leg AC was
separated into two legs with turbulence statistics cal-
culated for each leg (Table 3). Inherent in this ex-

amination of the effect of changing frontal depth is the
need to also consider the effect of varying SST. Thus,
the first leg (2002:01-2007:00 UTC) was chosen over
the cooler NS waters (SST = 12°-17°C). The esti-
mated depth of the front from the linear slope as-
sumption would range from 195 to 121 m. The second
leg (2009:46-2014:30 UTC} is the MS region located
southeast of the MS front (SST = 20°C). The estimated
range of frontal depth is 85 to 30 m. Thus, we would
expect turbulence characteristics to differ for the two
legs. We would also expect statistics over MS to agree
more closely with those from leg DE,, because of the
proximity to the front and closer S8T values.
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TABLE 2. Variances and covariances of the perturbation quantities for §2 March King Air aircraft legs.

Leg
AC CE BA. ch, CD, DE,

Time (UTC) 2002:01-2014:30  2015:01-2020:00 2022:01-2031:00  2117:50-2121:00 2123:01-2128:00  2129:01-2134:00
Length (km) 56 27 ai 15 25 23
Height (m) 30 30 148 30 30 30
w2 {ms)y 0.119 0.139 0.094 0.172 0.155 0.109
2 (ms 'Y 0.118 0.180 0.118 0.262 0.191 0.115
w2 (ms ¥ 0.0508 0.0881 0.0782 0.0617 0.0643 0.0592
82 (°CP 0.0127 0.0065 0.0107 0.0051 0.0099 0.0081
g% (g% 0.0161 0.0407 0.0130 0.0401 0.0077 0.0127
ww (ms 'y 0.0232 0.0196 —0.0054 0.0072 0.0012 0.0181
vw (m s~ 00118 —0.0109 0.0044 —0.0290 —0.0339 —0.0146
wE{(*Cms™) 0.0065 0.0139 0.0031 0.0065 0.0016 0.0065
wr {gm s 0.0079 0.0305 0.0096 0.0181 0.0033 0.0080

Overall the statistics over MS differ only slightly from
those of leg AC (Table 3). This simply indicates that
turbulence closer to the front over warmer SST is gen-
erally larger than turbulence well behind the front over
cooler SST. Similarly, turbulence values over MS agree
well with leg DE..

Comparison of turbulence statistics over NS and MS
indicates markedly different values. While there is little
difference in velocity variances, moisture and temper-
ature fluxes and variances are significantly larger closer
to the frontal boundary (MS region ) as compared to the
NS region. Temperature (w'#")_and moisture (w'q")
fluxes and moisture variance {g'?) are three to five
times larger. (The exception is temperature variance
42 for NS which is infiuenced by the anomaly in the
temperature trace of Fig. 5¢ near 6 km.) The increase
in fluxes over MS is expected due to the increase in SST.

Leg CD, differs from the legs in the cold air discussed
previously in that it is situated roughly parallel to the
front and the SST field. As discussed in section 3, the
depth of the frontal boundary for leg CD. is larger than
that for CD,.. Turbulence values for leg CD.{Table 2)
are much different from those for legs MS or DE_, but

generally are within 25% of those over NS. This sim-
ilarity can be seen in the time series traces of Figs. 5
and 6. This simple comparison supports the hypothesis
that the front is deeper from CD, and is probably closer
in depth to that over NS.

Statistics from the three legs on the warm side of the
front, CB, BA,,, and CD. (Table 2), suggest a different
boundary-layer regime than on the cold side. Leg CB
east of the front at an aititude of 30 m indicatesa much
more turbulent boundary layer. The presence of the
warmer GS is the contributing factor. Horizontal and
vertical velocity variances, moisture variance, and
temperature and moisture flux are significantly larger
than for the 30-m legs over the cold water. Much larger
fluxes of sensible heat (approximately 20 W m-?)and
latent heat (75 W m~?) ast of the front, as compared
to those over the colder water, contribute to a more
convective, well-mixed boundary layer.

b. Power density spectra

A closer examination of the scales of motion present
in the vicinity of the coastal front is considered utilizing

TABLE 3. Variances and covariances of the perturbation quantities for 12 March King Air aircraft legs.

Leg
AC NS MS BAas BAws BAns

Time (UTC)  2002:01-2014:30  2002:01-2007:00  2009:46-2014:30 2022:01-2027:00  2027:01-2031:00  2032:01-2037:00
Length (km) 56 23 18 23 18 23
Height (m) . 30 30 30 148 148 148
u(ms) 0.119 0.171 0.093 0.146 0.049 0.103
v2 (ms”'y 0.118 0.143 0.116 0.131 0.093 0.152
w? (m s~ 0.0508 0.0480 0.0434 0.138 0.027 0.0341
972 (°CY? 0.0127 0.0103 0.0097 0.0021 0.0183 0.0538

7 (gm)? 0.0161 0.0047 0.0208 0.0217 0.0016 0.0195
ww (ms ' 0.0232 0.0265 00175 ~0.0075 —0.0032 00117
vw (ms”'P 0.0118 0.0204 0.0015 0.0124 —0.0022 —0.0160
wd (°Cms™) 0.0065 0.0012 0.0065 0.0049 0.0031 —0.0055
W g m s 0.0079 0.0027 0.0096 0.0184 0.0011 -0.0022

g
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power spectra. Features representative of the boundary (Figs. 10a,b). Wind component u' shows a broader
layer behind the cold front are evident in Fig. 10, which  spectrum but one with maxima evident near the 0.1-
gives spectra for leg 4C. Two significant peaks are ev- km and 1-2-km wavelengths. Similar structure is seen
ident in the horizontal velocity components #' and ¢’  in the v’ component, though the peak at 2 km is much
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more dominant. The peak at 1-2 km in both #’ and
¢ is also evident in the spectra over NS and MS (not
shown), indicating an organized larger-scale structure
in the horizontal wind field behind the front. However,
separating the NS region and the MS region and ex-
amining them individually, the 0.1-km peak is not
dominant over the MS, but is the dominant wavelength
over NS, suggesting smaller-scale 1 and v turbulence
superimposed on the larger-scale flow for the cooler
NS waters. Thus, over NS, while the 1-2-km wave-
Jength is still evident (though not dominant), a larger
contribution to the horizontal velocity variance is at
the smaller 0.1-km wavelength. The structure of the
vertical wind field for each of the legs behind the front
is dominated by these wavelengths less than 0.1 km
(Fig. 10c¢). The cospecira «'w' and v'w' for leg AC (Figs.
11a,b) also emphasize the importance of the 0.1-km
size eddies in transferring momentum at 30-m altitude.
The significant peaks in both cospectra occur near
0.1 km.
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The temperature spectrum (Fig. 10d) indicates the
presence of larger-scale (2-6 km) waves, which are ev-
ident both over the NS and MS regions. However, un-
like the horizontal wind spectra it is these longer waves
that dominate the temperature spectrum. Smaller-scale
waves (0.1-km wavelength) seen in Fig. 10d are present
over both the NS and MS regions.

The w'8’ cospectrum (Fig. 11¢) indicates the dom-
inant positive flux region is between the 0.03- and 0.5-
km wavelength, with the peak near 0.12 km (or roughly
1.5 times the depth of the frontal boundary over MS).
As seen from w8’ values in Table 3, it is the temper-
ature flux over MS, not NS, that is the primary con-
tributor to the positive heat flux. Thus, it is the smaller-
scale eddies located closer to the coastal front {over
the warmer oceanic MS region) that are responsible
for the positive heat flux. Itis the longer wavelengths
that contribute to the smaller negative heat flux evident
in the w'#’ cospectrum (Fig. 1 1c). Similar conclusions
can be drawn for the moisture spectrum (Fig. 10e)and

(a@yuw  Frequency (s") (b)vw  Frequency (s
1 0 -1 -2 1 0 -1 -2
0 107 0% 000 10t 10° 10 10
0.012} 0.006
o 0.008 3:’:«“'004.1
4 : 1 §0.002}
=0.004} =
) . 12 9%
%2 o} 12-0.002
-0004E 0004
0% 102 107 10° 10! 10°
Wavelength (km) Wavelength (lan)
(c) w Theta Frequency (=Y (@) wq  Frequency (s
0.004 10" 10° 107 10® 10 _10° 10t 10®
¢ 0.004
0.003 ¢ 3
¢ b #~0.003
000 ,?"o.ouz
30.001 E .?. 0.001;
721 = :
~ 0 | il im 0
3 | 3
-0.001 -0.001 j

0% 102 107 10° 10¢ 107
Wavelength (lan)

FIG. 11. Cospectral density for King Air transect AC of (a) w'w', (b) o'w’, (c) w'd’,
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cospectrum (Fig. 11d). These results support the strong
thermodynamic coupling evident behind the coastal

front as discussed in section 3b. -

Spectra obtained from leg CB on the warm side of
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the front at an aititude of 30 m (Fig. 12) differ from
leg AC behind the front. The horizontal wind field
shows a single, dominant peak wavelength of approx-
imately 1 km (Figs. 12a,b), or approximately twice
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that of the estimated subcloud-layer depth. The vertical
velocity spectrum is much broader than observed on
the cold side of the front, with significant contributions
to vertical velocity variance at wavelengths up to 2 km.
The cospectrum of «'w’ (Fig. 13a) shows a similar
broad spectrum, while the v'w’ cospectrum ( Fig. 13b)
has a significant peak at 1 km.

The peak wavelength in the temperature spectrum
(Fig. 12d) has shifted to smaller values (A = 0.1 km)
as compared 1o leg AC, but still with broader, signifi-
cant contributions up to the 2-km wavelength. The
moisture spectrum shows a similar, rather broad spec-
trum with a peak centered near 1-km wavelength. The
overall effect of the broader v, 8, and ¢ spectra is to
produce rather broad cospectra for w'f"and w'q’ (Figs.
13¢,d). The dominant positive flux for both w8’ and
w'q' is in the region between 0.1 and 2.0 km with vir-
tually no contributions to negative flux for the entire
spectra.

At an altitude of 148 m on the warm side of the
front (BA,.), spectra given in Fig. 14 indicate well-de-

(a)uw  Frequency (s?)

fined peak wavelengths between L and 3 km for all
variables. Horizontal wind components (Figs. 14a,b)
show consistent peaks near 1-3 km similar to the
structure seen at 30 m (Fig. 12). However, the peak
wavelength in the vertical velocity field has shifted to
larger values (0.8-1.2 km), as expected for a larger
sampling altitude of 148 m. Cospectra for #'w’ and
v'w’ shown in Figs. 15a.b also support the dominant
1-3-km-size eddies.

The temperature and moisture fields (Figs. 14d.e)
show dominant peaks at longer wavelengths, but with-
out the contributions at smaller wavelengths from 0.1
to 0.5 km evident at 30-m altitude (Fig. 12}. The rel-
atively small positive flux (0.0031°C m s~ in Table
3) for the w'#’ cospectrum is a result of the approximate
balance of the positive flux from wavelengths near |
km and the negative flux of longer wavelengths between
2 and 4 km (Fig. 15¢). This contrasts the broad spec-
trum of positive heat flux seen at 30 m (Fig. 12). The
w'g" cospectrum (Fig. 15d) shows similar features to
the w'8’ cospectrum for A < 2 km. However, a signif-
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FIG. 13. Cospectral density as given in Fig. 11 for King Air transect CB.
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icant difference for A > 2 km is the large positive flux
contribution for wavelengths on the order of 2-4 km,
a region of significant negative temperature flux.

¢. MABL structure above the frontal boundary

Closer examination of the time series traces above
the frontal boundary is considered to investigate the

presence of an organized atmospheric wave structure.
We consider here the BA transect to examine the in-
fluence of the frontal boundary on MABL structure.
(Similar conclusions can be drawn from transect CD,,
also Jocated above the coastal-front boundary in the
warm air.) Production of waves by penetrating thermals
into the overlying stable region has been studied in
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FIG. 15. Cospeciral density as given in Fig. 11 for King Alir transect BA,,.

both laboratory tanks and numerical simulations. Nu-
merical simulations of Gall et al. (1988) emphasized
the presence and generation mechanisms for gravity
waves produced during frontogenesis. They proposed
that these waves were generated by imbalances in the
frontal zone not dissimilar to mountain waves. How-
ever, no documentation in the literature for the pres-
ence of waves along a shallow coastal front has been
provided.

Figure 16 shows time series traces for a 60-s portion
of transect B4, at 148 m. The traces shown are over
the MS region of Fig. 5 from approximately 40 to 45
km. Also given in Fig. 16 is a plot of the indicator
function that is used to define updraft and downdraft
events as outlined by Greenhut and Khalsa (1987 ) (see
section 4d). Simply stated, a threshold for updrafis (or
downdrafts) is defined as the square root of one-half
the variance of all positive (or negative) fluctuations
of w about w = 0. If vertical velocity fluctuations are
greater than the threshold value, then the indicator
function is assigned a value of +1 (or —1). Otherwise
the indicator function is assigned a value of zero (or

environment). A minimum event time of 0.4 s {or 8
points at 20 samples per second } is required. This cor-
responds to a minimum event length of approximately
30 m, which is well below the dominant scale of flux-
producing events (Mahrt and Paumier 1984).

The traces of vertical velocity, temperature T, and
mixing-ratio fluctuations given in Fig. 16 suggest the
presence of wave activity. It is well known that buoy-
ancy waves characteristically show temperature fluc-
tuations 90° out of phase with vertical velocity fluc-
tuations. Correlation analysis of w' and 7' indicates
Jarge correlation for a spatial lag of 210 m, indicating
a dominant wavelength of approximately 840 m. The
indicator function also points 10 a wavelength on the
order of 1 km. These results agree with those of the
spectral analysis presented in Fig. 14 for leg BA,,.

It is hypothesized here that the presence of these
buoyancy waves is due to the influence of the under-
lying coastal front in generating instabilities, which
propagate out from the boundary. Evidence to support
this hypothesis is given in the cospectral plots of Fig.
17. Shown are the w'é#’ cospectra for three regions of
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FiG. 16. King Air time series trace at the 148-m altitude from
2029 to 2030 UTC 12 March over the oceanic midshelf region on
the warm side of the coastal front (BA4,.) of (a) vertical velocity, (b)
temperature, {¢) mixing ratio, and (d) indicator function.

the 148-m return transect from B to A. The first two
legs, designated BAgs and BAys (as detailed in Table
3}, were located on the warm side of the front but over
the GS and MS regions, respectively. The third leg BAwns
was located over the NS region in the cold air beneath
the coastal front.

The cospectra indicate that over the GS (Fig. 17a),
eddies on the scale of 0.1-1.0 km contribute to the
cospectral energy, similar to Fig. 15¢. This is an indi-
cation of the wider range of scales of motion present
in the well-mixed MABL over the GS, up to approx-
imately twice the depth of the MABL. From the dis-
cussion of Fig. 12 for transect CB at 30 m, this broader
range of eddies contributing to heat flux ranging from
0.1 to 1.0 km was also evident. This contrasts the co-
spectra given in Fig. 17b for the MS region located
above the frontal boundary. Here the contribution to
cospectral energy in the 0.1-0.5-km range is greatly
reduced, indicating the absence of these smaller-scale
eddies. It is the presence of the coastal front that inhibits
the generation of these eddies. As over the GS, the
dominant 1-km wave is still present. The cospectrum
for transect BAyns (Fig. 17c¢) located beneath the coastal
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front shows the dominant 1.0-1.5-km wavelength that
contributes to a sink of cospectral energy.

d. Conditional sampling statistics

Conditional sampling technigues can be used to in-
vestigate variations in turbulence structure in the vi-
cinity of the front. Such techniques have been em-
ployed previously (e.g., Grossman 1984; Greenhut and
Khalsa 1987; Rogers 1989} to study subcloud-layer
convection. The bivariate conditional sampling tech-
nique as proposed by Holland (1973) is used here.
Holiand showed that the vertical flux of a passive scalar,
such as virtual potential temperature 8,, can be divided
into four components

W, = Wil + Wil + w8, +w 0,
PP NP PN NN

where, for example, PN designates a positive flux
{P)(w'8, > 0) associated with a negative vertical ve-
locity (N). Thus, thermally direct motions are given
as PP (ising, positively buoyant air) and PN (sinking,
negatively buoyant air). Thermally indirect motions
are designated as NP and NN. Small-scale mixing as-
sociated with entrainment and detrainment is typically
of smaller magnitude, though still important in sub-
cloud-layer and cloud-top dynamics, as compared to
direct motions.

Table 4 summarizes the results of the mean parti-
tioned buoyancy fluxes for the 12 March 1986 aircraft
legs. Table 4a gives the mean fluxes for each individual
leg while Table 4b gives the mean fluxes for a specific
height (30 or 148 m) and region with respect to the
coastal front.

Fluxes over the warmer GS region (leg CB) show
the largest total buoyancy flux as expected. The primary
contributor to the total flux is warm updrafis (PP);
however, cool downdrafts (PN) do make a significant
contribution. In fact, the majonity of time for leg CB
(41%) is characterized as PN. Thus, while it is the in-
tense, narrower warm updrafts that dominate the total
flux, it is the broader, less intense cool downdrafis that
occupy a larger portion of the transect over the GS.

Fluxes at 30 m above the frontal boundary in the
warm air (leg CD,,) show a 55% reduction in total flux
compared to over the GS. The percentage of area oc-
cupied by each partitioned flux is approximately equal,
except for the flux NN, which is larger for CD,, over
the frontal boundary than over the GS. This indicates
the presence of entraining eddies just above the front
not seen over the GS.

Table 4a emphasizes that the bulk of the total flux
for the region from NS to the GS (leg AC) is due to
the MS region as opposed to the NS region. Leg DE,
is similar to AC in flux magnitudes as well as percent-
ages, indicating that a majority of time is spent in PP
and PN modes.

To understand the importance of the frontal bound-
ary in affecting the distribution of fluxes, the partitioned

(2)
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FiG. 17. Cospectral density w'@’ for three regions of the 148-m BA transect: {2} BAgs located over the
Guif Stream, (b) BAys located over the midshelf region, and {c) BAns located over the nearshore region.
The Gulf Stream and midshelf regions were focated on the warm side of the front while the nearshore
region was located beneath the front on the cold side.

fluxes were averaged with respect to altitude and lo-
cation (Table 4b). The values given are averages for
all 12 March low-level King Air aircraft legs. For the
averaged fluxes at 30 m on the cold versus the warm
side of the front, there is surprisingly little difference
in the magnitude of warm updrafts (PP}. We would
expect the warmer SST region to have a larger contri-

bution from PP. The reason that warm updrafts are -

smaller than expected is because the averaged flux at
30 m (warm) represents aircraft transects from CB over
the GS (where we would expect PP to be large), in
addition to transects above the coastal-front boundary
(where PP is inhibited by the coastal-front boundary).
The major difference for the warm and cold sides at
30 m occurs for fluxes PN and NN. The warm side is
characterized by broader, cooler downdrafts (PN) while
the cold side generally has a larger contribution from
warmer downdrafts (NN).

In the cold air at 30 m, direct fluxes accounted for
an average of 56% of the total time with 44% due to
indirect fluxes. On the warm side at 30 m, direct fluxes
occurred 68% of the time and indirect 32%. These re-
sults compare favorably with the estimates of Rogers
{1989}, obtained across an oceanic SST front during
FASINEX, and Grossman {1984) over the Atlantic
trade winds near Barbados. Over the warmer water
Rogers reported average times of 62% and 38% in direct
and indirect modes, respectively, while Grossman in-
dicated 64% and 36%. Rogers showed values of 54%
and 46% in direct and indirect modes over the colder
water.

At 148 m, the major difference for the cold and warm
sides is the magnitude and direction of the total flux.
The 148-m cold region is the region located just beneath
the coastal front near stack A (Fig. 7). The total fiux
is negative ( as seen in the cospectrum of Fig. 17¢), but

-




JANUARY 1992

TABLE 4a. Mean partitioned buoyancy fluxes (10° K m s™) for 2
March 1986 for each aircraft leg. The percentage of area occupied
by each partition is given in parentheses.

Leg PP NP PN NN Total
AC  122(26) —244(20) 480(30) —301(24) 6.57
CB  1032{28) —129(18) 547(4l) —1.11{13) 13.39
B4, A479(28) ~239(21) 372(27) -230(24) 382
cp., 516(29) -097(19) 354(35) -1352(17) 6.21
CD. ST5(27) -223(24) 329(27) -510(22) 471
DE. 751(30) —L71(21) 32907 -271(22) 638
NS 4.16(24) -251(25) 343(27) -384(24) 124
MS  652(28) —157(17) 395(28) -227(27) 683

not due entirely to entrainment (NN). A significant
portion of the negative flux is due to rising, cooler air
(NP). In fact, NP occupies more area than NN and is
suggestive of an indirect circulation. The 148-m cold-
air region shows the lowest percentage of time occupied
in the direct mode { 50%) of the four regions.

5. Discussion and conclusions

Examination of the low-level atmospheric structure
of a coastal front in the vicinity of SST discontinuities
for the 12 March 1986 GALE case offshore of the Car-
olinas illustrates the complex interaction of the oceanic
and atmospheric fronts. The 12 March coastal front is
observed to be a shatlow (less than 200 m), highly spa-
tial inhomogeneous surface, that is, at times closely
thermodynamically coupled with the underlying SST.
Behind the front in the cold air, the atmosphere can
be generally characterized as moister and more stati-
cally stable than ahead of the front in the warm air.
Two distinctly different oceanic regions that are also
characterized by different atmospheric thermodynamic
structure are evident behind the coastal front. Over the
MS oceanic region, turbulent eddies on the scale of 1.5
times the depth of the front ( 120 m) are solely respon-
sible for the positive heat flux. Within the NSS, located
between the NS and MS regions, the transition zone
of the coastal front aloft is confined. Over the NS wa-
ters, a smaller air-sea temperature difference that ef-
fectively limits the magnitude of temperature pertur-
bations results in much smaller production of heat flux
from warm updrafis. The horizontal wind structure of
this NS region is dominated more so by smaller-scale
waves ( 100-m wavelength ) superimposed on a weaker,
longer scale (1-2 km) wave structure.
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The deeper {approximately 500-600 m), more well-
mixed subcloud layer (broken cumulus and stratocu-
mulus) ahead of the front is characterized by a dom-
inant scale of turbulent eddies on the order of 1 to 2
km. Conditional sampling emphasizes the strong direct
circulation established over the GS dominated by in-
tense, narrow, warm updrafts and broader, less intense
cool downdrafts. In contrast, the cooler, fractus-topped
and layered, stratocumulus-topped region behind the
coastal front is characterized by an indirect circulation
with more prevalent cool updrafts and warm down-
drafts, particularly for the near—cloud-base region (148
m). Friehe et al. (1991) also showed that the negative
sensible heat flux near cloud base for a similar case of
air flowing from cold water to warm during FASINEX
was a result of cool updrafis.

Thus, the presence of differing SST regions strongly
influences the thermodynamic structure of the marine
atmospheric boundary layer (MABL). However, the
coupling between the MABL and the underlying SST
fields is not a simple cause and effect relationship. Air-
craft observations indicate regions exist on 12 March
in which the location of the GS front and the atmo-
spheric coastal front coincide almost exactly. Sharp
horizonta! gradients of atmospheric temperature,
moisture, wind speed, and direction are aligned with
the GS SST gradient. But regions also exist in which
the two fronts do not coincide. Thus, the front does
not always appear to be dynamically tied to the un-
derlying surface.

The migration of coastal fronts onshore has been
addressed by Riordan (1990) and Nielsen (1989).
Riordan showed that it is the combined effect of low-
level confluence and differential diabatic heating (due
primarily to the underlying SST gradient} that pro-
moted the onshore movement of a coastal front in the
GS region during GALE. The confluence served to
reinforce the low-level thermal gradient just west (or
shoreward )} of the coastal front. He also noted that the
fixed confluent axis shoreward of the coastal front was
evident during the nighttime hours only. It is interesting
to note that the coupling of the atmospheric and
oceanic fronts for this study was valid for the time pe-
riod 2000-2200 UTC (late afternoon local time). The
premise is that the coastal front is sensitive to regions
of differential surface heating and cooling. During the
day, the significant contrast of low-level warming of
the MABL over the GS versus the reduced warming
over the NS and MS waters helps to establish a ther-

TABLE 4b. Mean partitioned buoyancy fluxes (10° K m s7') for 12 March 1986 averaged by altitude and location.
The percentage of area occupied by each partition is given in parentheses.

Location PP NP PN NN Total Direct {%)
30 m, cold 6.83(27) —-2.13(21) 3.79 (29) —3.61(23) 4.88 56
30 m, warm 7.74 (29) —1.13 (18) 4.51 (39) —1.32 (14) 9.30 68
148 m, cold 5.45 (23) —-8.50(27) 6.29(27) —8.62(21) —5.38 50
148 m, warm 4.79 (28) -2.39(2D) 37227 —-2.30 (24} 382 55
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mally direct circulation. However, a more significant
land—sea temperature difference evident nearer the
coast later at night may provide the coastal front a
more conducive environment for development, thus
promoting the movement or migration onshore.

For the present study, examination of the low-level
wind field may give some insight into the movement
of the front. The slight deceleration of horizontal wind
speed observed across the front at 30 m from transect
AB (Fig. 5d) is a result of a small frontally induced
pressure gradient, as also emphasized by Wai and Stage
(1989) in a numerical study of the GS front. They
demonstrated that upwind of the SST front in the cold
air, the perturbation pressure gradient force acts to ac-
celerate the low-level flow. Downwind the flow is sim-
ilarly decelerated. The horizontal extent of their sim-
ulated SST front, and thus the magnitudes of wind
speed and acceleration, differ from this study, but the
reasoning is still valid.

The importance of the low-level wind field in the
movement of the coastal front was shown by Nielsen
(1989). He examined certain New England coastal
fronts as examples of quasi-stationary density currents
and emphasized that stronger onshore flow in relation
to surface heating, as in seca-breeze dynamics, can in-
fluence the onshore movement of the front. Pertaining
to the movement of the 12 March coastal front shore-
ward, note that relatively weak (2 m s') southerly
fiow was present just ahead of the front along transect
CB. In contrast, just ahead of the front farther 10 the
southwest along transect DE, stronger (5 m s~
southerly flow was present. Remember that the surface
Jocation of the coastal front along DE was slightly
shoreward of the GS front. The presence of stronger
onshore flow would support the shoreward migration.

While the migration of the coast front is important,
it is not the focus of this study. Knowledge of the lo-
cation of the front, whether it is aligned or coupled
with specific SST regions, is interrelated with the
movement of the front. But from this study of the dy-
namics of the 12 March GALE coastal front, we have
emphasized that the coastal front has a significant effect
on the 3D atmospheric circulation. The two most ob-
vious effects of the frontal boundary on MABL cir-
culation are the thermodynamic decoupling of the re-
gion above the frontal surface from that below the sur-
face and the influence of the frontal boundary on the
generation of buoyancy waves above the front. The
premise of a front as a material surface that effectively
inhibits the transfer of properties across the boundary
has been proposed by many (see Wallace and Hobbs
1977). Aircraft observations on 12 March indicate that
while the coastal front is indeed a spatially inhomo-
geneous, undulating surface in which convective ther-
mals can penetrate, the front can severely limit the
transfer of heat and moisture fluxes to the atmosphere
above the front. This is achieved primarily through the
damping of smaller turbulent eddies on the scale of
the depth of the front (100 m). This damping is con-
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fined to regions above the front, and particularly con-
centrated in the MS region. Over the warmer GS, strong
vertical mixing over the depth of the MABL occurs.
Unfortunately, direct observations of the strength of
the inversion in the MS region were not available to
assess the ability to suppress transport across the frontal
boundary.

In conjunction with the decoupling over the MS re-
gion, the presence of the frontal boundary is also ob-
served to be a source of buoyancy waves. The impor-
tance of the waves is that they can act to deplete kinetic
energy and momentum from the environment as they
vertically and horizontally propagate. The subsequent
stabilization of the region above the frontal surface due
to the decrease in the vertical transfer of fluxes from
the surface provides favorable conditions for wave for-
mation. Estimates of the Monin—-Obukhov length L
(Lumley and Panofsky 1964) from 30-m aircraft data
indicate more near-neutral stability for legs CD\. (L
= —37 m) above the frontal boundary, as compared
to the more convective GS leg CB (L = —13 m). Itis
observed that turbulence immediately above the frontal
surface is generally reduced as compared to that below
the surface (see vertical-velocity trace from CD, in Fig.
6). Subsequently, instabilities present along the frontal
surface can serve as the trigger for these waves,

Finally, we should mention the mechanisms re-
sponsible for the formation of the 12 March coastal
front. The mechanisms bear resemblance to those of
a simple internal boundary layer (IBL) that develops
due to step changes in surface temperature or rough-
ness. Numerical model results of Taylor (1971) and
more recently Koracin and Rogers (1990) have shown
that a stable IBL can develop for airflow from the warm
side of a SST front to the cold side. A minimum in
surface stress is associated with the IBL, with a corre-
sponding decrease in wind speed within the IBL. Ob-
servational results from FASINEX (Friehe et al. 1991)
show a 50% decrease in momentum flux as air flows
from warm to cold water. Statistics given in Tables 2
and 3 for the 12 March coastal front do not show a
large change in momentum flux across the front. Values
of friction velocity show only small changes (0.13-0.18
m s 1). The formation of the coastal front does not
appear to be due solely to changes in the surface fluxes.
The winds are typically light on both sides of the front,
and the slight change in wind speed across the front
does not produce significant changes in surface drag.
This is only one study, and more studies of coastal
fronts under different wind regimes are needed to better
understand the interaction of the coastal front and the
SST front.

Our examination of this interaction has demon-
strated the impact of underlying SST discontinuities
on the 3D atmospheric boundary-layer circulation. The
coastal front itself is of meteorological significance be-
cause it serves as a focal point for physical processes
such as low-level flux convergence and differential dia-
batic heating that are known to directly affect cyclo-
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genesis. Future research should thus seek to further
validate the atmospheric structure and important
physical processes in an attempt to better understand
the interaction of the coastal front and ensuing cyclo-
Benesis,
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