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ABSTRACT

A case of incipient explosive marine cyclogenesis along the east coast of North America from
February 1974 is investigated. The cyclone was noteworthy for deepening 36 mb in 15 h as it
crossed a region of anomalously warm sea surface temperatures beneath a very favorable flow
configuration aloft for explosive development. The precyclogenetic environment featured coastal
frontogenesis and cyclonic vorticity production in association with oceanic sensible and latent
heat fluxes in the westward-flowing air in advance of the cyclone. The resulting relatively high
values of surface vorticity in the coastal baroclinic zone probably helped to contribute to the
intensity of the ensuing cyclogenesis, as a peak cyclonic vorticity tendency of ~30x 10~°s~2
was computed in the coastal baroclinic zone at the time of most rapid surface intensification.

1. Introduction

Explosively deepening cyclones have been
thoroughly studied since the seminal Sanders and
Gyakum (1980) paper documented the preference
for such storms to develop over the western ocean
basins of the Northern Hemisphere. Subsequently,
numerous authors have looked at various obser-
vational, theoretical and numerical aspects of
the explosive cyclogenesis probiem and the inter-
ested reader is urged to consult the excellent
review papers from the Palmén Symposium by
Reed (1990), Hoskins (1990), Uccellini (1990),
Browning (1990), Shapiro and Keyser (1990),
and Bengtsson (1990) for more information.
The purpose of this paper is to document a case
of explosive cyclogenesis along the east coast
of North America (16-17 February 1974) that
resulted from the interaction of transient distur-
bances embedded in separate jet streams aloft
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into a configuration favorable for sustaining deep
ascent above a prominent coastal baroclinic zone.
Given the extensive discussion of explosive cyclo-
genesis in the literature over the last decade, our
research goals are very modest. Our approach is
designed to complement the much more detailed
numerical and diagnostic analyses of the life cycles
of modern storms (see, e.g., Reed et al. 1993a, b,
Nieman and Shapiro 1993, and Nieman et al.
1993) by focusing on the initial development stages
of the 16-17 February 1974 storm. Finally, we will
try to place the cyclone development into perspec-
tive within the spectrum of explosive cyclogenesis
cases reported elsewhere in the literature and from
which new research opportunities might possibly
arise.

A map illustrating the storm track, central
pressure and the composite sea surface tempera-
ture (SST) field is given in Fig. 1 for the 16-17
February 1974 storm. Noteworthy aspects of
the cyclone development include: (1) a central
pressure decrease from 1002 mb at 1800 UTC
16 February to an estimated 966 mb at 0900 UTC
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Fig. 1. Composite sea surface temperature (every 4°C) for the period 15-17 February 1974 and 6 h storm track
position for the period 0600 UTC 16 February—0000 UTC 18 February 1974. Solid squares denote the location of the
primary cyclone while the solid triangles and circles with a cross denote the secondary cyclone position. Day/time
(UTC) and cyclone central pressure (underlined number in mb with leading 9 or 10 omitted) as shown. State 2-letter

identifiers as shown.

17 February, a decrease of 36 mb in 15 h, and
(2) the presence of +3 to +6°C SST anomalies
and a warm ocean ring in the 35-40°N, 70-75°W
latitude-longitude box through which the cyclone
tracked. The positive SST anomalies in this region
resulted from a Gulf Stream position farther north
and west than usual (Gulf Stream, 1974a, b).
Our detailed surface analyses will be restricted
to the incipient cyclone development stage from
1800 UTC 16 February to 0000 UTC 17 February
during which time coastal marine observations
were relatively abundant. We will attempt to show
that cyclogenesis occurred in a large scale environ-
ment that was reorganizing so as to favor the
superposition of deep tropospheric ascent above
a region of enhanced coastal baroclinicity and
anomalously warm SST’s.

2. Data and methodology

The surface and upper air analyses described in
this paper were manually prepared and gridded.
Surface land and marine (including ship log data)
and upper air observations were extracted from

the extensive research data base at the National
Climatic Data Center (NCDC) of the United
States and the National Center for Atmospheric
Research (NCAR). These observations were
hand plotted on surface and mandatory upper-
level charts from which the manual analyses
were prepared. Subsequently, these analyses were
manually gridded with geopotential heights,
temperatures, dew point temperatures, and wind
direction and speed extracted on a one degree
latitude-longitude mesh in support of the diag-
nostic calculations to follow. Inspection of the
available surface observations from NCDC dis-
closed that significant numbers of land and marine
observations (especially the latter) were not
available in the NCAR database or the National
Meteorological Center (NMC) operational data
archives. Accordingly, we decided to pursue a
manual analysis approach consistent with the
limited goals of this study. The senior author was
concerned that any resulting objective analyses ran
the risk of containing significant inconsistencies in
the horizontal and vertical structure of the flow
near the Atlantic Ocean because of deficiencies in
the relatively primitive analysis and initialization
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procedure then in use at NMC and upon which
any first guess would be based.

3. Results

3.1. Surface analyses

Surface analyses for 1200 and 1800 UTC 16
February and 0000 and 0600 UTC 17 February
appear in Figs. 2a-d. Prominent features at
1200 UTC (Fig. 2a) include a developing coastal
baroclinic zone along the Carolina coast known
locally as a coastal front (see, e.g., Bosart et al.,
1972; Bosart, 1981; Riordan, 1990), a ridge of
higher mean sea level pressure extending south-
westward between the Appalachian Mountains
and the coast, indicative of cold air damming (see,
e.g., Baker, 1970; Richwein, 1980; Bosart, 1981;
Forbes et al, 1987; Stauffer and Warner, 1987;
Bell and Bosart, 1988), and an area of weak
cyclonic circulation over northeastern Alabama
and western Georgia with a pressure trough
extending northward along the western slopes of
the Appalachians as is frequently observed with
southeasterly geostrophic flow in the lower tropo-
sphere (see, e.g., O’Handley and Bosart, 1989).

By 1800 UTC (Fig. 2b) twin cyclone centers
define an elongated sea level pressure minimum
along the Atlantic coast that is roughly coincident
with the warm boundary of the coastal baroclinic
zone. West of the Appalachians a remnant surface
trough is apparent along the eastern edge of the
warm air mass. The northeasternmost cyclone
center is rapidly becoming the dominant storm as
judged by the observed pressure falls in excess of
8 mb 3h ' along the coast. Also of interest is the
wind shift line separating easterly from north-
easterly flow that appears to be developing in the
coastal waters northeast of the cyclone center as
far north as New Jersey. This wind shift feature is
marked by an inverted trough (trough in easterly
flow) that builds northward to the south of
the anticyclone centered over New England. The
inverted trough marks a narrow tongue of warmer
air that builds northward offshore while colder air
remains trapped in the cold air damming region
onshore. In effect, the coastal front is building
northward along the warm boundary of the SST
gradient marking the edge of the continental
shelf waters (Fig. 1), a process that has also been
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described in a recent case study of oceanic cyclo-
genesis by Roebber (1993).

Explosive intensification is underway by 0000
UTC 17 February (Fig. 2c) with the cyclone center
located near the extreme eastern coast of North
Carolina at Cape Hatteras (HAT, 72304, see Fig. 1
for station locations). A 6 h deepening of 10-12 mb
is estimated on the basis of the available data. Note
the prominent narrow southerly jet (speeds in
excess of 25 ms~') defined by two ship observa-
tions just ahead of the cold front near the cyclone
center. This southerly jet is transporting warm,
moist air northward toward the cyclone center.
The cyclone center sits along the warm boundary
of a coastal baroclinic zone that is estimated to
be 6-7°C (100 km)~!. Baroclinicity north of the
cyclone center is maintained along the aforemen-
tioned coastal inverted trough. Finally, by 0600
UTC (Fig. 2d) the cyclone is deepening rapidly as
it begins to move away from the coast. The
estimated central pressure of 973 mb represents an
additional 6 h deepening of ~ 20 mb. Especially
noteworthy are the large reported 3 h pressure falls
from several ships and one buoy to the southwest
of the cyclone center at this time. These pressure
falls, located in the southwestern quadrant of
a cyclone moving northeastward, are another
indication of the extraordinary ongoing surface
intensification.

3.2. Upper air analyses

The large scale flow pattern featured a broad
trough over eastern North America and the
western Atlantic Ocean, a ridge over western
North America poleward of 30°N, and a low
latitude trough south of the ridge at 1200 UTC 15
February 1974 (not shown). The associated split
flow across western North America was marked by
progressive individual short wave disturbances
that entered the resulting confluent flow pattern
downstream over central and eastern North
America. At 300 mb jet streaks could be found
from the vicinity of Hudson Bay to the eastern
Great Lakes and from southern Texas eastward to
almost the Atlantic coast between 30-35°N at
1200 UTC 15 February. Over the next 12 h, the
northern jet strengthened and elongated in a
confluent flow ahead of a migratory disturbance
in the northern branch of the westerlies. The
southern jet remained strong ahead of an advanc-
ing short wave disturbance in the southern branch
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Fig. 2. Surface maps for (a) 1200 UTC 16 February 1974, (b) 1800 UTC 16 February 1974, (c) 0000 UTC 17
February 1974, and (d) 0600 UTC 17 February 1974. Isobars (solid) every 2 mb and isotherms (dashed) every 2°C
(except every 4°C in panel a). Conventional plotting convention for surface data and frontal boundaries with bold
dashed lines denoting coastal fronts. Winds in m s ~! with a pennant, full barb, and half barb denoting 25 ms~!
5ms~'and 2.5 ms ™!, respectively.
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Fig. 2. (cont’d).

of the westerlies with one axis of the jet branching
eastward across central Florida and a second
branch forming farther north between 35-40°N.
A series of 850 mb, 500 mb, and 300 mb anal-
yses for 1200 UTC 16 February and 0000 UTC
17 February are shown in Figs. 3a—f. The incip-
ient cyclogenetic environment at 1200 UTC 16
February features the two aforementioned short
wave disturbances with the southern short wave
the most prominent with a 50-60 m s ~' wind max-
imum in the base of the 300 mb trough (Fig. 3c)
over the southeastern United States. A second, and
weaker, trough is positioned over the Great Lakes
upstream of a short wave ridge over New England.
Downstream a confluent jet entrance region is
situated from Quebec to Nova Scotia at 500 mb
and 300 mb (Figs. 3b, ¢) with maximum 300 mb
wind speeds in excess of 60 m s ~'. This upper-level
flow pattern, in which a short wave trough in the
southern branch of the westerlies approaches a
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confluent jet entrance region, has been shown to be
very favorable for cyclogenesis (see, e.g., Uccellini
and Kocin, 1987; Bell and Bosart, 1988; Bell and
Bosart, 1989; Uccellini, 1990). Note also that there
is good warm air advection at 850 mb (Fig. 3a)
along the Atlantic coast extending northward
toward the eastern Great Lakes and Quebec and
the right entrance of the aformentioned confluent
300 mb jet. The cyclogenetic region along the
Atlantic coast (Fig. 2a) is situated on the cyclonic
shear side of the southern jet (forward side of the
progressive 500 mb trough) and to the southwest
of the anticyclonic shear side of the downstream
confluent 300 mb jet.

By 0000 UTC 17 February the rapidly intensify-
ing surface cyclone (Fig. 2c) is positioned near the
apex of the thermal wave of the prominent 500 mb
southern short wave trough. The northeastward
movement of the southern trough is associated
with a strengthening of the downstream confluent
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Fig. 3. Upper air sectional maps for 850 mb, 500 mb, and 300 mb at 1200 UTC 16 February 1974 (0000 UTC 17
February 1974) in panels (a, b, ¢) (panels (d, e, f)), respectively. Plotted winds are as in Fig. 2. Temperature and dew
point temperature plotted to the nearest 0.1°C. Solid station circles denote a temperature-dew point temperature dif-
ference of <5°C, corresponding to an approximate relative humidity of 70%. Solid contours represent geopotential
heights analyzed every 3 dam, 6 dam, and 12 dam at 850 mb, 500 mb, and 300 mb, respectively. Dashed lines denote
isotherms analyzed every 4°C.
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Fig. 3. (cont’d).
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northern jet where the 300mb wind speed
maximum reaches almost 70 m s ~! over the north-
eastern United States. As the distance between the
upstream and downstream jets decreases the inten-
sifying surface and 850 mb cyclone centers (Figs.
2c, 3d) become situated in the favored region for
estimated deep ascent (see section 3c) between
them where the upward increase of cyclonic vor-
ticity advection is also estimated to maximize.
Note also the region of very weak southerly flow
of (<5-10ms~") at 500 mb and 300 mb (near
HAT) and 850 mb warm air advection over
coastal areas between the two strengthening jet
streaks where deep tropospheric ascent is
estimated to maximize. Warm air advection at
850 mb (Fig. 3d) to the north of the cyclone is also
seen to lie over the region of the inverted trough in
the coastal waters that marks the northward-
developing coastal front seen in Figs. 2b, c.

A summary of the reconfiguration of the 300 mb
geopotential field for the 36 h period ending 0000
UTC 17 February obtained by graphical sub-
traction of the corresponding 300 mb analyses is
presented in Fig. 4. The dominant feature on the
map is the rising heights (maximum of 30 dam)

centered over New England and southeastern
Canada. The height fall area to the southwest has
one lobe along the Atlantic coast in the vicinity of
the developing surface cyclone. A separate height
fall center over the lower and central Mississippi
Valley is associated with a third short wave trough
(seen just entering the western domain of the
300 mb map east of the central Rockies in Fig. 3c)
deepening into the longer wave trough position.
This third trough plays an important role in
cyclone development as it appears to act as a
catalyst for discontinuous retrogression of the
larger scale southern trough. The resulting amplifi-
cation of the downstream ridge along the North
Atlantic coast on the anticyclonic shear side of the
persistent confluent flow pattern favors increasing
southerly flow poleward of the eastern lobe of the
aforementioned height fall center as is observed at
0000 UTC 17 February. The observed 36 h height
change pattern in Fig. 4 is also consistent with
strengthening northern and southern jet streaks as
shown with the rapidly intensifying surface cyclone
situated poleward (equatorward) of the exit
(entrance) region of the southern (northern) jet.
The warm air advection region is also charac-
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Fig. 4. 36 h 300 mb geopotential height change (contours every 6 dam) ending 0000 UTC 17 February 1974. Solid
(dashed) contours denote height rises (falls) with the zero change contour shown heavy solid. Positions of the
principal jet streaks at 0000 UTC 17 February are shown by the bold dotted lines.
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terized by a deep layer of quasi-moist neutrality as
can be seen for the soundings from ocean weather
ship Hotel (4YH, 38°N, 71°W) and HAT at 0000
UTC 17 February shown in Fig.5. Given the
existence of deep, quasi-zero moist static stability
implied by these soundings and the favorable posi-
tion of this air mass between the two jet streaks
(Fig. 4), we estimate that vigorous ascent (con-
firmed from the pattern of Q-vector convergence in
the next section) is likely in the immediate vicinity
of the intensifying surface cyclone. Additionally,
embedded deep moist convection is possible along
the southeastern flank of the cyclone where warm
moist air that was previously in residence over the
Gulf Stream (Fig. 1) is swept northwestward and
ingested into the updraft region of the cyclone.
For example, if we assume saturated air with a sur-
face temperature of 18°C approaches the cyclone
center a surface-based lifted index of —3.3 is

-80 -70 -60 - 50 -40
/I Vst
4
0000 UTC 7
|7 FEB 1974 Id
— 72304/
- —=4YH S N
200 » < ]
(& » §
< 300} > e
w
[s 4
2 00F 4
24 »o
o
a
500F [\ 7
600 S -/ B
700f S N
800“ :/ > 7
900 —
1000 — > N
H 72304

TEMPERATURE (°C)

Fig. 5. Soundings in skew T-log p format for Cape
Hatteras, North Carolina (HAT, 72304, solid line) and
ocean weather ship Hotel (4YH, dashed line) for 0000
UTC 17 February 1974. Winds as in Fig. 2. See Fig. 1 for
sounding station locations.
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estimated based upon the observed HAT 500 mb
temperature of —15.3°C. The estimated mid-level
buoyancy of 3-4°C is based upon optimal con-
ditions following the ideas of simple parcel
dynamics. Note that from Figs. 2b, ¢ there are no
reports of thunderstorms along the coast as the
cyclone begins to deepen rapidly. However, at
0600 UTC 17 February (Fig. 2d) a ship east of
the cyclone center does report a thunderstorm in
progress. Observations from the coastal radars of
the United States National Weather Service (not
shown), however, reveal the existence of embedded
convection within the general precipitation
shield in the coastal waters between 1800 UTC
16 February and 0000 UTC 17 February. Tracton
(1973) showed that convection near the cyclone
center was a characteristic of incipient rapid
cyclogenesis in many cases and that the opera-
tional numerical prediction models then in use
frequently underestimated the rate of cyclogenesis
when deep convection was present near the
cyclone center.

3.3. Q vector forcing at 0000 UTC 17 February

We show in Fig. 6 the convergence of the
Q-vector, V- Q, after Hoskins et al. (1978) and
Hoskins and Pedder (1980) and the geostrophic
frontogenesis function, F, (divided by |V to be
expressed in standard units) at 850 mb, 500 mb,
and 300 mb for 0000 UTC 17 February in order
to quantify some of our previous qualitative
conclusions. Here Q and F, are defined by (using
conventional symbols):

ROV, ROV,
={_=Zs, _—Ze, 1
o { 7 ox VT, » o VTV} (1)
and

d P\ (p
F,=— 2222 = .
o=, VOl 2(,;) (R 0-Vé. 2)

As shown initially by Hoskins et al. (1978) the
Q-vector has the property that it can be related to
the quasi-geostrophic vertical motion according
to:

2

2
aV2w+f§§= —2v.Q (3)
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Fig. 6. Field of V- @ (left) in units x 107 '®s>mb~" and geostrophic frontogenesis (right) in units x 10~'°°C

m~'s~" for 0000 UTC 17 February 1974 for 850 mb (a, d), 500 mb (b, e), and 300 mb (c, f). Positive and negative
values denoted by solid and dashed contours respectively.
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where, o, the static stability computed as:

R(p)'“"@@
o= ——|— -
P\ Do op

According to (3) areas of convergence (divergence)
of Q are associated with quasi-geostrophic ascent
(descent) with the Q-vector pointing in the direc-
tion of the lower branch of the quasi-geostrophic
secondary circulation. Hoskins and Pedder (1980)
also observed that F, would be frontogenetical
(frontolytical ) where @ was directed toward higher
(lower) potential temperatures on an isobaric
surface. Equivalently, a normalized version of
(2) can be computed from Miller’s (1948) fronto-
genesis equation (equivalent to dividing (2) by the
magnitude of the horizontal potential temperature
gradient) with only the horizontal confluence
terms retained and the horizontal wind com-
ponents replaced by their geostrophic equivalents,
and this calculation is what appears in Figs. 6d—f.
We chose to display V - @ in Fig. 6 instead of the
full quasi-geostrophic vertical motion because of
the limited vertical resolution and relatively small
horizontal domain of our manually analyzed and
digitized geopotential height and temperature
data. Despite these limitations it is apparent
from Fig. 6 that the fields of V- @ are quite robust
in the vicinity of the rapidly intensifying cyclone
center at 0000 UTC 17 February. Generally, the
region of V.Q <0 is vertically consistent and
slopes northwestward with height, implying deep
ascent over and just ahead of the surface cyclone
center. Comparison with Figs. 3-4 clearly shows
that the region of V- @ <0 is situated in the
estimated favorable ascent zone between the
northern and southern jet streaks. Equally impres-
sive, the magnitude of the V.-Q@ <0 region at
850 mb (Fig. 6a) is just as large as it is at 500 mb
and 300 mb (Figs. 6b,c), further indicative of
estimated deep tropospheric ascent discussed
previously. Further support for this statement is
seen in the pattern of quasi-geostrophic fronto-
genesis given by F, in Figs. 6d-f. Geostrophic
frontogenesis maximizes at 850 mb (Fig. 6d) along
the coast to the northeast of the cyclone center
where coastal frontogenesis is occurring along the
inverted trough shown in Fig. 2c. The geostrophic
frontogenesis weakens upward through 500 mb
(Fig. 6e) while extending northwestward across

(4)
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Pennsylvania with a separate maximum identified
at 300 mb (Fig. 6f) in the entrance region of the
northern jet (Fig. 3f).

Note also that the northwestward tilt of the
region of V- Q@ <0 across the Delmarva peninsula
into Pennsyslvania at 500 mb and 300 mb implies
that deep ascent can also be found to the north-
west of the cyclone center to the immediate south-
west of the northern jet. The existence of this
implied ascent is confirmed by the presence of
widespread reported stratiform precipitation to
the northwest of the cyclone center at 0000 UTC
17 February shown in Fig. 2c. As discussed by Bell
and Bosart (1989) for other cases of eastern North
American cyclogenesis, and applicable to this case,
the @-vector approach can be used to reconcile
quasi-geostrophic vertical motion patterns asso-
ciated with differential vorticity advection and
thermal advection with the vertical motions
postulated to exist in association with jet-induced
vertical circulations as originally described by
Sutcliffe and Forsdyke (1950), Beebe and Bates
(1955) and quantified by Uccellini and Johnson
(1979). The configuration of the 300 mb jets shown
in Fig. 3f (and summarized in Fig. 4) favors
estimated cyclonic and anticyclonic vorticity
maxima on the cyclonic and anticyclonic shear
sides of the respective jet streaks such that cyclonic
vorticity advection (the dominant deepening
mechanism in the “traditional” form of the omega
equation; Bluestein, 1992 and Holton, 1992)
would be maximized between the two jet streaks
where surface development is occurring.

Kocin and Uccellini (1990, their Fig. 21) have
interpreted this configuration of dual jet streaks as
favorable to explosive cyclogenesis along the east
coast of North America because of the superposi-
tion of the ascending branches of both jet streaks
over the favored surface development region.
However, as noted here and in Bell and Bosart
(1989) such a superposition can be manifest as a
single region of concentrated Q-vector induced
ascent at the time of explosive surface develop-
ment. (We also state without proof that the above
interpretation is also consistent with “potential
vorticity thinking”, Hoskins et al., 1985, in that
relatively low potential temperatures on the
tropopause poleward of the southern jet streak
and relatively high potential temperatures on the
tropopause equatorward of the northern jet streak
would favor cold advection along the tropopause
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and induced cyclonic circulation below over the
developing surface cyclone center.)

3.4. Surface development

The purpose of this section is to document the
surface development at 1800 UTC 16 February
and 0000 UTC 17 February as rapid intensifica-

tion commenced. All calculations were derived
from the previously described manually analyzed
maps of mean sea level pressure, temperature, dew
point temperature and wind speed and direction
that were gridded on a one degree latitude-
longitude mesh. Centered differences were used for
all calculations.

SURFACE
1800 UTC
16 FEB 1974

SURFACE
1800 UTC
16 FEB 1974

SURFACE SURFACE
0000 UTC . 0000 UTC
I7 FEB 1974 v.qVx107° gkg”'s” 17 FEB 1974

(c)

(d)

Fig. 7. Field of V- @ (units as in Fig. 6) at the surface for (a) 1800 UTC 16 February 1974 and (c) 0000 UTC 17
February 1974. Corresponding field of V- ¢V (in units x 10 > gkg~' s ') shown in (b) and (d). Positive and negative
values are denoted by solid and dashed contours, respectively.
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(i) Moisture and Q-vector convergence

The maps of V-Q (computed from surface
geostrophic winds derived from the manually-
analyzed sea level pressure fields) reveal that
convergence is maximized in general downstream
of the surface cyclone position at both time
periods (Figs. 7a, c¢) with some suggestion for a
tongue of V- Q < 0 extending northward along the

SURFACE
1800 UTC
16 FEB 1974

developing coastal front. Comparison of Figs. 2b
and 7a support the idea that secondary sea level
cyclogenesis is favored progressively downstream
along the coastal baroclinic zone as the primary
cyclone weakens to the west of the Appalachians.
This interpretation is also supported by the
moisture convergence maps using the observed
winds (V.gqV, Figs. 7b,d) which show a near
doubling of the quasi-stationary moisture con-

SURFACE
1800 UTC
16 FEB 1974

(b)

SURFACE
0000 UTC

.
{x10® s 17 FEB 1974

SURFACE
0000 UTC
17 FEB 1974

(c)

(d)

Fig. 8. Asin Fig. 7 except for the relative vorticity (a, c in units x 107> s~') and the relative vorticity tendency (b, d

in units x 10 =% s =2). Surface frontal positions as indicated.
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vergence maximum located over extreme eastern
North Carolina and the adjacent coastal waters in
the 6 h ending 0000 UTC 17 February.

(ii) Vorticity
Our vorticity analysis is based upon the

observed winds and the following form of the vor-
ticity equation applicable at the surface where the

vertical motion is assumed to vanish and friction is
ignored:

%=—V~V(C+f)—(c+f)V~V. (5)

where ¢ and f represent the relative vorticity and
Coriolis parameter, respectively, and the other

SURFACE
1800 UTC
16 FEB 1974

SURFACE
2 1800 UTC
16 FEB 1974

°°

ﬂ?//é\

0
7 30(‘)
oo, 600
700
00
/
SURFACE SURFACE
- 0000 UTC I 0000 UTC
FLy Wm 17 FEB 1974 Fsy Wm 17 FEB 1974
(c) (d)

Fig. 9. As in Fig. 7 except for surface latent heat (a,cin Wm™

Surface frontal positions as indicated.

2} and sensible heat fluxes (b, d in units of W m ~2).
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terms have their using meaning. The vorticity
maps (Figs. 8a,c) reveal that cyclonic relative
vorticity maximizes along the coastal baroclinic
zone while extending northward along the
developing coastal front and inverted trough. Twin
maxima along the Carolina coast at 1800 UTC 16
February mark the circulation centers identified

on the surface map for the same time (Fig. 2b).
However, comparison with the vorticity tendency
map for the same time (Fig. 8b) suggests that the
northern vorticity center along the Carolina coast
will become the principal center (also confirmed
from the V- Q and V.qV maps in Fig. 7). Note
that the vorticity tendency more than doubles over

SURFACE
1800 UTC
16 FEB 1974

SURFACE
1800 UTC

-10 o, R |
X077 °Cm™"'s 16 FEB 1974

— [0—surFacE
1800 UTC
16 FEB 1974

.—-—O\

(b)

SURFACE
1800 UTC
16 FEB 1974

Fped X 1070°Cm™! 57!

(c)

(d)

Fig. 10. Geostrophic frontogenesis (a), total observed wind frontogenesis (b), contribution of divergence to the total
observed wind frontogenesis (c), and contribution of the deformation to the total observed wind frontogenesis (d) for
1800 UTC 16 February 1974. Units x 1071°°C m~' s ~! with solid and dashed contours denoting frontogenesis and

frontolysis, respectively. Surface frontal positions as indicated.
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the next 6 h with a computed peak value of
30x107°s~2 at 0000 UTC 17 February just to
the north of the cyclone center. This maxima,
elongated north-northeastward along the offshore
coastal front and inverted trough, is dominated by
the convergence term in (5).

(iii) Surface sensible and latent heat fluxes

The surface sensible and latent heat fluxes

computed from the standard bulk aerodynamic
formula with a constant exchange coefficient of

1.5 x 10 3 are displayed in Fig. 9. At 1800 UTC 16

SURFACE
0 on i - 0000 UTC
Fg x 107 °Cm's™! 7 FEB 1974

FTOT x1070oCm 57!

A>T

10—

! COASTAL FRONT/
INVERTED
TROUGH

SURFACE
0000 UTC
I7 FEB 1974

(a)

SURFACE
F X |O~I0 oCm-I S—I 0000 UTC
oV 17 FEB 1974

(c)

SURFACE
0000 UTC
I7 FEB 1974

Fig. 11. As in Fig. 10 except for 0000 UTC 17 February 1974.
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February surface sensible heat fluxes in excess of
200 W m 2 (Fig. 9b) maximize along the edge of
the Gulf Stream in the coastal waters to the north-
east of the developing cyclone. These heat fluxes
almost double in the next 6 h (Fig. 9d), reaching a
peak value of 400 Wm ™2 in the coastal front/
inverted trough region northeast of the cyclone
center and immediately to the south of the cyclone
center as colder air in the wake of the cyclone
begins to wrap cyclonically around the distur-
bance over the warmer oceanic waters. The latent
heat fluxes average double to triple the sensible
heat fluxes at both times (Figs. 9a, c). During the
incipient rapid cyclogenesis underway at 1800
UTC 16 February the maximum latent heat flux
lies along the southeastern flank of the developing
cyclone with a prominent nose extending north-
ward along the offshore coastal front. Especially
impressive is the narrow tongue of large latent
and sensible heat fluxes (~1000 Wm~2 and
400 W m ~2, respectively) centered near 35°N and
75°W at 0000 UTC 17 February. Comparison of
Figs. 9¢c, d with Fig. 2c shows that this tongue of
high sensible and latent heat flux corresponds to
the narrow southerly jet just to the south of the
cyclone center immediately in advance of the
surface cold front.

(iv) Surface frontogenesis

The distribution of surface geostrophic and
observed wind frontogenesis is mapped in Figs.
10, 11 for 1800 UTC 16 February and 0000 UTC
17 February, respectively. The observed wind
frontogenesis is computed from the Miller (1948)
frontogenesis equation with the diabatic heating
and twisting terms ignored as follows:

d ggo L [00] _oud0_avdp
de TV |0x| oxdx odxdy

L0 auds_ouao
dy dyox dyoy |}’

Here, 6 is the potential temperature and u and v
represent the zonal and meridional components of
the wind, positive eastward and northward,
respectively.

Note that (6) is numerically equivalent to a
normalized version of (2) with the observed wind
components replacing the geostrophic wind
components. Comparison of the geostrophic and

(6)
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observed wind frontogenesis at 1800 UTC 16
February (Figs. 10a, b) reveals that the observed
wind frontogenesis maximum, while in agreement
with the geostrophic maximum over extreme
eastern North Carolina, is much more elongated
along the coastal baroclinic zone. The maximum
observed wind frontogenesis is dominated by the
divergence term (Fig. 10c) and the deformation
term (Fig. 10d) at the northern and southern ends
of the coastal baroclinic zone, respectively.
Comparison of Figs. 10c,d with Fig. 8b reveals
the common role of horizontal convergence in
producing cyclonic vorticity in the presence of a
strengthening coastal baroclinic zone. A slight
weakening of the observed wind frontogenesis
tendency is seen by 0000 UTC 17 February
(Fig. 11b) as the deformation term (Fig. 11d)
begins to act in opposition to the divergence term
(Fig. 11c) in the coastal waters. Note, however,
that the geostrophic frontogenesis maximum at
this time (Fig. 11a) lies to the north of the cyclone
center along the offshore coastal front and inverted
trough and is comparatively weak near the cyclone
center. Our results indicate that surface fron-
togenesis processes by the ageostrophic wind
cannot be ignored during incipient coastal cyclo-
genesis. This finding is consistent with results
reported elsewhere by, e.g., Bosart (1975), Bosart
and Lin (1984), Bosart (1984), and Keshishian
and Bosart (1987).

4. Concluding discussion

This paper has described a case of explosive
cyclogenesis along the east coast of North America
from February 1974. A noteworthy aspect of the
cyclone development included a deepening rate of
36 mb in 15h as the cyclone tracked across the
Gulf Stream boundary toward warmer water
(including a warm Gulf Stream ring containing
24°C sea water). The Gulf Stream was situated
farther northwest in January and February 1974
than normal with resultant +3 to +6°C SST
anomalies in the 35-40° N and 70-75° W latitude-
longitude rectangle across which the cyclone
tracked. The case was selected because it provided
a good example of cyclone development in
response to the reorganization of the flow pattern
aloft so as to favor the juxtaposition of separate jet
streaks in the northern and southern branches
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of the westerlies along the Atlantic coast so
that Q-vector convergence would be maximized
throughout the troposphere in the vicinity of the
developing cyclone center. Analysis was limited to
the incipient stage of explosive cyclogenesis in the
coastal zone where coverage by conventional data
platforms was unusually good.

The February 1974 cyclone developed in the
coastal waters along the southeastern coast of the
United States as a weak predecessor cyclone dis-
sipated to the northwest along the western slopes
of the Appalachian Mountains. Cyclogenesis com-
menced as a progressive short wave trough/jet
streak system in the southern branch of the
westerlies reached the coast. Rapid coastal
intensification began as this trough approached
a strengthening jet entrance region embedded in
confluent flow in the northern branch of the
westerlies over New England and the Canadian
Maritimes. Discontinuous retrogression in the
southern branch of the westerlies enabled the
coastal trough aloft to lift northeastward in asso-
ciation with ridging and a strengthening of the
downstream jet. An analysis of the field of V- Q at
0000 UTC 17 February (the time of most rapid
surface cyclogenesis) revealed the existence of a
concentrated area of tropospheric-deep V- Q<0
(and implied ascent) that tilted northwestward
with height from near the cyclone center at
850 mb. This deep layer of V. Q <0 was situated
between the poleward left exit region of the
southern jet streak and the equatorward right
entrance region of the northern jet streak, a region
favorable for cyclogenesis as noted by Uccellini
et al. (1985, 1987), Bell and Bosart (1988, 1989),
Kocin and Uccellini (1990), and Uccellini (1990)
in conjunction with other storms over eastern
North America. As noted here, and in Bell and
Bosart (1989), the interaction of the two jet streaks
resulted in a wind pattern in the middle and upper
troposphere that favored an estimated large area
of cyclonic vorticity advection in the upper
troposphere over the intensifying cyclone center.
The dual ascending branches of the overlapping jet
streak circulations, Kocin and Uccellini (1990;
their Fig. 21), were manifest here as a single
concentrated maximum of V-0 <0 and implied
ascent. Accordingly, the “traditional” and Q-
vector forms of the omega equation (Bluestein,
1992; Holton, 1992) can be reconciled with vertical
circulations associated with jet entrance and exit

regions (see, e.g., Beebe and Bates, 1955; Uccellini
and Johnson, 1979) to yield a coherent picture of
incipient synoptic scale cyclogenesis at the level of
quasi-geostrophic theory.

The development of the February 1974 cyclone
was also qualitatively in accord with the climat-
ologies of explosive cyclones (ak.a. bombs)
presented by Sanders and Gyakum (1980) and
Roebber (1984). For example, Roebber’s (1984)
updated 6-year (1976-1982) climatology showed
that explosive cyclone formation maximized in the
coastal waters from extreme northern Florida to
the Carolinas (his Fig. 5¢) while the area of maxi-
mum 24-h deepening extended from ~200km
northeast of extreme northeastern North Carolina
to the southern tip of Nova Scotia (his Fig. 7c).
The February 1974 cyclone formed in Roebber’s
favored region and deepened explosively at the
southwestern end of his area of most rapid deepen-
ing. Comparison with the composite surface and
upper air climatology of explosive Atlantic ocean
cyclogenesis presented by Rogers and Bosart
(1986) showed that the February 1974 cyclone
developed in a warmer and somewhat more
unstable environment than the composite Atlantic
storm. According to Rogers and Bosart (1986,
their Fig. 4) for the composite Atlantic storm the
incipient cyclone central pressure, 1000-500 mb
thickness over the cyclone center, 500 mb tem-
perature and geopotential height over the cyclone
center, and 700 mb temperature and geopotential
height over the cyclone center are: 1000 mb,
543 dam, —23°C, 543 dam, —8°C and 2850 m,
respectively. The corresponding numbers for 1200
UTC 16 February 1974 are: 1008 mb, 552 dam,
—22°C, 558 dam, —4°C, and 3000 m, respec-
tively. Fig. 6 from Rogers and Bosart (1986) also
revealed that kinematic ascent maximized in the
700-500 mb layer to the north and east of the
cyclone during the incipient and explosive stage of
development. Their finding is consistent with our
calculation of deep V- @ <0, maximizing slightly
at 850 mb, in the vicinity of the rapidly intensifying
cyclone center at 0000 UTC 17 February subject
to the important caveat about comparing an
individual event with a composite storm.

The February 1974 cyclogenesis event is most
analogous to explosive “coiled spring” (Bosart,
1988) development in the extreme western Atlantic
ocean during November 1972 as described by
Rogers and Bosart (1991). This can be seen by
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comparing their 500 mb maps for 16-17 Novem-
ber 1972 (their Fig. 2¢) with our 500 mb maps
(Figs. 3b, e). According to Fig. 7 in Rogers and
Bosart (1991) surface 6 values near the cyclone
center (located slightly farther offshore in Novem-
ber 1972) were ~ 325 K which can be contrasted
against an estimated 6 of ~328 K in the present
case based on saturated conditions with a surface
temperature of 18°C at a sea level pressure of
1000 mb. Rogers and Bosart (1991) also estimated
that surface-based lifted indices were in the 0 to
—6 range along and to the right of the track of the
November 1972 cyclone which can be contrasted
against our estimate of —3 to —4 for air reaching
the cyclone center from the southeast. Similarly,
their peak observed wind frontogenesis rates (their
Fig. 10; same one degree latitude longitude grid as
used in this case) of ~30x10"1°Cm~'s~! are
very comparable to the peak frontogenesis rates
reported for this case. Likewise, the vorticity
tendency, dominated by the divergence term,
peaked at almost 30x107°s~2 (~30fday ')
which can be contrasted with a peak value of
~15x107°s~2 reported by Rogers and Bosart
(1991, their Fig. 11).

Our vorticity analysis showed that the ambient
relative vorticity in the coastal baroclinic zone was
comparable to the value of the local Coriolis
parameter during incipient cyclogenesis at 1800
UTC 16 February. The relatively large ambient
values of cyclonic relative vorticity in the precyclo-
genetic environment along the coast occurred
in conjunction with coastal frontogenesis as
the weakening primary cyclone dissipated to the
west of the southern Appalachian Mountains.
Consequently, cyclone spinup proceeded rapidly
as the horizontal convergence of air at low levels
acted on air parcels with a history of cyclonic
relative vorticity and these air parcels in turn
were ingested into a region of estimated deep
tropospheric ascent between the exit region of the
southern jet streak and the entrance region of the
northern jet streak. The presence of air of near
neutral moist static stability in the vicinity of the
cyclone center and nearby coastal baroclinic zone
probably contributed to the vigor of the ascent
associated with the cyclogenesis process and the
resulting low level horizontal convergence and
cyclonic vorticity generation.

Accordingly, cyclonic vorticity generation near
the cyclone center can be viewed as a positive feed-
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back process whereby air parcels with initially
large values of ambient absolute vorticity rapidly
undergo additional cyclonic vorticity generation
when they are stretched vertically in an environ-
ment of near neutral moist static stability. This
interpretation of cyclonic development, by no
means novel, has been used by Palmén and
Newton (1969), DiMego and Bosart (1982),
Gyakum (1983, 1991), Bosart (1984), Bosart
and Lin (1984), Keshishian and Bosart (1987),
Holt and Raman (1990), Bosart and Dean (1991),
Gyakum et al. (1992), Roebber (1993), and
Bullock and Gyakum (1993) among others, to
help diagnose and explain cases of explosive
continental and marine cyclogenesis. In a related
vein Sanders (1986, 1987), Sanders and Davis
(1988), Wash et al. (1992), Lupo et al. (1992) and
Bullock and Gyakum (1993), among others, have
demonstrated that explosively-deepening oceanic
cyclones are characterized by stronger troughs and
attendant powerful cyclonic vorticity advection in
the upper troposphere than are more ordinary
cyclones. These results argue for the direct impor-
tance of upper tropospheric forcing, as measured
by the configuration of the jet streaks for example,
on the overall intensity of oceanic cyclogenesis, a
conclusion reinforced by this investigation.

A controversial issue in the literature over the
last decade has been the role of oceanic sensible
and latent heat fluxes, diabatic heating associated
with latent heat release from convective and
stratiform precipitation, and dry adiabatic heating
and cooling in the cyclogenesis process. Danard
(1964) was one of the first people to demonstrate
the sensitivity of synoptic scale vertical motions to
latent heat release and the magnitude of the static
stability. Roebber (1984, 1989a) and Gyakum
etal. (1989) conducted a statistical climatol-
ogical investigation of continental versus oceanic
cyclones. Their results suggested that the expected
normal distribution of cyclone deepening rates was
skewed toward greater deepening for explosive
oceanic cyclones and that the 24-h period of
greatest deepening exhibited modest sensitivity to
the gradient of SST as opposed to the magnitude
of the SST. Roebber (1989b) used a simple analy-
tical quasi-geostrophic model to illustrate that
warm oceanic rings or meanders of order several
hundred kilometers in the Gulf Stream had a
modest impact on the computed quasi-geostrophic
deepening rates. We are suspicious that a similar
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process may be at work in the present case, given
the details of the SST distribution shown in Fig. 1.
However, a detailed investigation of the possible
impact of the warm oceanic ring in the path of the
deepening cyclone in this case is beyond the scope
of our present study.

More recently, Lapenta and Seaman (1992)
used the Penn State-NCAR mesoscale model to
assess the relative importance of adiabatic and
diabatic processes to a real data case of cyclo-
genesis along the east coast of North America.
They found that model cyclogenesis was most
sensitive to latent heat release associated with
widespread precipitation while adiabatic heating
and cooling processes and diabatic heating
associated with oceanic heat and moisture fluxes
played a secondary, but still important, role.
A similar conclusion was reached by Kuo etal.,
1991, and Reed et al. (1993a, b) in a Penn State-
NCAR mesoscale model case study from the
Experiment on Rapidly Intensifying Cyclones over
the Atlantic (ERICA). On the other hand, Reed
and Simmons (1991) and Danard and Ellenton
(1980) reported that oceanic cyclogenesis over the
western Atlantic Ocean was relatively insensitive
to surface sensible and latent heat fluxes in numeri-
cal studies of real data cases.

The differences between the various investiga-
tions reported in the literature, only a tiny fraction
of which have been cited above, may also reflect
vagaries in the model resolution and the model
physics employed in the sensitivity experiments.
For example, Doyle and Warner (1993) showed
that the Penn State-NCAR mesoscale model was
especially sensitive to the details of the SST tem-
perature distribution and, by inference, the SST
gradient. They conducted experiments in which
the model was initialized with very high resolution
(~14 km), intermediate resolution (~275 km),
and coarse resolution ( ~ 381 km) SST analyses for
a Genesis of Atlantic Lows Experiment (GALE)
case study. Their results illustrated a great sen-
sitivity to the details of the mesoscale surface sen-
sible and latent heat fluxes even though the overall
heat fluxes differed by only 15 % amongst the three
experiments. Or to put it another way, the life
cycle of model-generated mesoscale disturbances,
including the evolution of the model-derived
precipitation fields, in the marine boundary layer
was highly sensitive to the laplacian of the diabatic
heating rates associated with oceanic sensible and

latent heating fluxes arising from mesoscale details
in the SST field.

In conclusion, our interpretation of the many
different studies of oceanic cyclogenesis in the
literature is that a broad spectrum of cyclone
life cycles is possible. Petterssen etal. (1962),
in a study of characteristic Atlantic cyclones,
concluded that oceanic surface sensible and latent
heat fluxes had little impact on cyclogenesis
because these fluxes maximized in the cold air
behind the cold front trailing the surface cyclone.
The theoretical basis for their argument was that
this distribution of oceanic sensible and latent
heat fluxes acted to dampen the thermal wave
associated with the cyclone, thereby reducing
the eddy available potential energy of the large
scale flow. This viewpoint was challenged by
Bosart (1981) and Bosart and Lin (1984) who
demonstrated that oceanic sensible and latent
heat fluxes in advance of a coastal cyclone (the
infamous Presidents’ Day storm of February 1979
along the east coast of North America) played an
important role in contributing to the warming,
moistening and destabilizing of the air mass
flowing westward toward the developing cyclone
center to the south of a massive anticyclone.
A similar situation was reported by Rogers and
Bosart (1991) for the November 1972 cyclone,
Jury and Laing (1990) for a South African cyclone,
and is also seen to be true in the February 1974
case described above. Additionally, we docu-
mented the existence of a narrow band of com-
bined heat and moisture fluxes in excess of
1000 W m~2 in a ribbon of storm-force southerly
winds immediately ahead of the surface cold front
near the apex of the surface cyclone center. We
suggest that the role of oceanic sensible and latent
heat fluxes on cyclone development is highly
case and model dependent and that continuing
observational, numerical and theoretical studies
will gradually uncover the relevant physical and
numerical processes associated with the life cycle
of explosive cyclogenesis.
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