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ABSTRACT

Former Hurricane Earl reintensified rapidly while traveling through Canadian waters in September 1998. Its
central pressure decreased 40 hPa over a 36-h period, and it produced heavy rain on Cape Breton Island, Nova
Scotia, and over Newfoundland. A diagnostic study is conducted from a potential vorticity (PV) perspective
using Canadian Meteorological Centre (CMC) regional analysis data. Former Hurricane Earl’s rapid redevel-
opment was related to the interaction between two preexisting positive PV anomalies: a diabatically generated
low-level anomaly and an upper-level anomaly. This process was accompanied by a cold air intrusion and warm
air ““wrapping up” process. As well, the behavior of the operational CMC numerical weather prediction models
is examined using output from the ensemble forecast system (giving 10-day forecasts, with eight members and
one control run) integrated from three different initial times (0000 UTC on each of 3, 4, and 5 September 1998).
Some members failed to maintain former Hurricane Earl’s observed closed cyclonic circulation during the
weakening period, and subsequently developed only a weak low pressure system. Others maintained the identity
of former Hurricane Earl throughout both the weakening and reintensifying periods. Static PV inversions suggest
that the more successful forecasts of Earl’s reintensification were associated with preferentially strong lower-
tropospheric cyclonic circulations induced by the upstream upper-tropospheric PV maximum. Thisinduced lower-
level flow also produced the very large-amplitude low-level thermal perturbations characteristic of a deepening

baroclinic low.

1. Introduction

Tropical cyclones that develop in the Atlantic Ocean
during the late summer and autumn months often move
over colder waters into middle and northern latitudes
after recurvature. They arenormally in their decay stage,
and their translation speeds are increasing under the
influence of the midlatitude westerly circulation (Anthes
1982).

Of the eight tropical cyclonesthat forminthe Atlantic
Ocean each year on average (Holland 1993), two or
three of these can be expected to impact weather in
Atlantic Canada (Joe et al. 1995) and often bring very
heavy rains and strong winds. Storms that have recently
affected Atlantic Canada include landfalling hurricanes
such as Hortense (September 1996) in Nova Scotia
(Pasch and Avila 1999) and Luis (September 1995) in
Newfoundland (Lawrence and Mayfield 1998). Tropical
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systems need not make landfall to unleash their fury
over land. Hurricane Beth brought heavy rains (>250
mm) to mainland Nova Scotia in August 1971 while
tracking across eastern Nova Scotia. The remains of
Hurricane Hugo tracked well north of Atlantic Canada
in September 1989, yet brought high winds to much of
the area.

Tropical cyclones threatening the United States and
the Caribbean receive significant international mediaat-
tention. While this raises the awareness level of the
Canadian public, there can be some confusion as to the
exact nature of the threat that these storms might later
pose to Canada, and subsequently to the North Atlantic
and to Europe (Wamsley 1993). The strong winds,
heavy rains, storm surge, and large waves are seldom
at the same intensities as when the tropical cyclone was
farther south. However, there remains a problem unique
to the middle latitudes—that of a potential rapid rein-
tensification of the cycloneinteracting with apreexisting
weather system—an explosive extratropical transition
(ET).

Only afew ET cases have been studied in the past.
Perhaps the worst natural disaster in Canadian history
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Fic. 1. The NHC best track (6-h positions) for Earl from 1200 UTC 2 Sep to 1200 UTC 8 Sep.

occurred as a result of a hurricane that killed as many
as 4000 mariners off the coast of Newfoundland in 1775
(Jones 1990). Certainly the most famous hurricane in
modern days in Canada was Hazel, which killed 83
peoplein southern Ontario in October 1954 (Knox 1955;
Palmeén 1958). Two of the 10 costliest hurricanesin the
United States were associated with storms in transition.
The Hurricane of 1938 (Pierce 1939) was the costliest
storm to that date and resulted in over 600 deaths.
DiMego and Bosart (1982) analyzed the ET and sub-
sequent reintensification of the infamous Agnes case in
June of 1972 that resulted in 129 deaths and $3.5 billion
in damage to property (1972 dollars). Much of this dev-
astation was a result of the extensive flooding caused
by extremely heavy rainfalls of 200-300 mm in less
than 1 day. Sinclair (1993) studied precipitation over
New Zealand resulting from the transition of Tropical
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Fic. 2. Plots of minimum central SLP (heavy solid) and maximum
sustained wind speed determined using the U.S. 1-min average meth-
od (light solid).

Cyclone (TC) Bola in March of 1988, and Foley and
Hanstrum (1994) studied the capture and transition of
tropical cyclonesin Australia. More recently, Browning
et a. (1998) have analyzed the role of upper- and lower-
level potential vorticity (PV) interaction and intrusion
of dry tropospheric air into the circulation of ex—Hur-
ricane Lili in October of 1996. Thorncroft and Jones
(2000) have examined transitioning storms as they
crossed the Atlantic, and Klein et al. (2000) have pro-
vided an overview of ET in the western North Pacific.
A climatology of ET in the Atlantic basin is presented
by Hart and Evans (2001). They found that 40% of all
tropical cyclones in the Atlantic basin underwent ET
and the transition most often occurred at lower |atitudes
(30°-35°N) early and late in the hurricane season, and
at high latitudes (40°-50°N) in the peak hurricane sea-
son. Around 50% of the posttransition intensity change
variability can be described by the transit time atropical
cyclone requires to enter the region where extratropical
development is supported after leaving the tropically
supportive region. Both weak and strong tropical cy-
clones canintensify after transition; however, weak trop-
ical cyclones (central mean sea level pressure >990
hPa) must enter a baroclinically supportive region soon
(<20 h) after leaving a tropically supportive region if
posttransition intensification is going to occur.

In early September 1998, the remnants of Hurricane
Earl led to an intense extratropical storm that ravaged
eastern Nova Scotia and Newfoundland with 50-100-
mm rainfalls and that contained sustained offshore
winds of 25 m s~* (50 kt). Figure 1 shows the track and
life history of Earl as analyzed by the National Hurri-
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TaBLE 1. Options characterizing the ensemble members (based on Houtekamer et a. 1997). GWD refers to gravity wave drag. The V&
diffusion e-folding times (h) are for wavenumber 63. ACARS-AMDAR refers to the automated aircraft wind observations obtained from

commercial aircraft.

Ve diffusion Addition to
e-folding time ACARS- operational
Model no. (h) Convection radiation GWD GWD version Orography AMDAR obs analysis

1 29 Kuo/Garand Strong High atitude 0.3 envelope Yes Yes
2 29 M anabe/Sasamori Strong Low altitude 0.3 envelope No No
3 29 Kuo/Garand Weak Low altitude Mean Yes No
4 29 M anabe/Sasamori Weak High altitude Mean No Yes
5 58 M anabe/Sasamori Strong Low altitude Mean Yes Yes
6 58 Kuo/Garand Strong High altitude Mean No No
7 58 Manabe/Sasamori Weak High altitude 0.3 envelope Yes No
8 58 Kuo/Garand Weak Low altitude 0.3 envelope No Yes

cane Center (NHC) (Mayfield 1999). A study of this
ET/reintensification event forms the basis of this paper.
Hurricane Earl’s evolution followed a pattern similar to
that of Hurricane Hazel (Pamén 1958) in 1954 and
Tropical Storm Agnes (Simpson and Hebert 1973) in
1972. These storms were studied in the context of a
two-phase transition process. The first (tropical dissi-
pation) period occurred as the tropical cyclone made
landfall, moved inland, and weakened. The second stage
began as the weakened tropical system interacted with
a strong baroclinic zone and upper-level trough in the
midlatitudes. Klein et al. (2000) have developed a con-
ceptual model, with the ET process initiated as the pole-
ward moving TC respondsto changesin its environment
(the ““transformation stage’’). Subsequently the system
develops the characteristics of a midlatitude storm (the
“extratropical” or ‘‘reintensification stage’).

The goals of the present paper are (i) to document
the stages associated with the extratropical transition of
Earl, (ii) to study the reintensification of Earl using an
Ertel PV framework (Ertel 1942), and (iii) to analyze
the performance of numerical models through exami-
nation of the ensemble forecast system of the Canadian
Meteorological Centre (CMC). As well, the CMC re-
gional analysis fields will be used to diagnose the syn-
optic environment during Earl’s reintensification phase.

Interest in many of these reintensifying ex—tropical
storms is justified by the fact that their deepening rate
and their speed of forward motion are similar to severe
winter storms [the so-called bombs described by Sand-
ers and Gyakum (1980)], but occurring in the late sum-
mer or autumn when numerous small fishing and rec-
reational craft are at sea. Furthermore, these storms pre-
sent a significant threat to populated areas in the form
of heavy rainfall and the potential for flash flooding.

An overview of the life history of Earl (section 2) is
followed by a description of the data and methodology
(section 3), diagnostics based on the CM C regional analyses
(section 4), a diagnosis of the CMC ensemble forecasts
(section 5), and a summary and conclusions (section 6).

2. Storm overview

Hurricane Earl began as a small-amplitude Cape
Verde easterly wave whose devel opment was suppressed

by the outflow from Hurricane Bonnie as it moved
across the tropical Atlantic Ocean. As aresult, Earl did
not intensify to tropical depression status until it reached
the Gulf of Mexico on 31 August 1998. Earl’s winds
quickly reached tropical storm strength (maximum sus-
tained surface winds of at least 18 m s—*) as the system
moved north-northeastward on 1 September, and later
northeastward as a hurricane with maximum sustained
winds near 40 m s=* on 2 September. After making
landfall as a marginal hurricane (winds of 34 m s=%) on
the Florida panhandle, the storm crossed Georgia and
the Carolinas, and was declared extratropical by the
NHC at 1800 UTC 3 September. The weakening extra-
tropical storm headed toward Sable | sland off Nova Sco-
tia on 5 September and by 1200 UTC had begun to
reintensify. The heavy solid curve in Fig. 2 shows the
trace of minimum central sea level pressure (SLP) as
recorded by the NHC. The lowest SLP (964 hPa) oc-
curred at 1200 UTC on 6 September just after the
storm’s passage over Newfoundland's Avalon Penin-
sula. Thereafter, the system weakened and moved in an
easterly direction just north of 50°N. The light solid
curve in Fig. 2 shows the evolution of the maximum
sustained wind speed. As can be seen from the SLP
trace in Fig. 2 and the 6-h positions in the NHC best
track (Fig. 1), the period of reintensification was as-
sociated with a rapid acceleration of the storm as it
interacted with an upper-level trough. In a model sen-
sitivity study using PV inversions to modify initial con-
ditions for this case, McTaggart-Cowan et al. (2001)
have found that the existence of thistrough isof primary
importance to the storm’sreintensification. Asdiscussed
|ater, there are suggestions that there may have actually
been a secondary cyclone development during the rein-
tensification, casting some doubt on the NHC track po-
sitions between 0000 and 0600 UTC 5 September.

a. Satellite imagery

Figure 3 displays the evolution of Geostationary Op-
erational Environment Satellite (GOES-East) water va-
por imagery from 0000 UTC 3 September to 0000 UTC
7 September. These images capture the two phases dis-
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Fic. 5. Sea level pressure (solid contours) with a 4-hPa contour interval, and 1000-500-hPa thickness at 4-dam increments (dashed
contours), from 0000 UTC 5 Sep to 0000 UTC 7 Sep.

cussed earlier by Klein et al. (2000), namely the 48-h
tropical decay period (transformation stage) from 0000
UTC 3 September to 0000 UTC 5 September and the
36-h extratropical transition reintensification stage be-
tween 0000 UTC 5 September and 1200 UTC 6 Sep-
tember. By 0000 UTC 3 September, Earl displays an
asymmetric cloud atypical for ahurricane. After moving
well inland and becoming extratropical 18 h later, ahook
cloud pattern is well defined with atrailing cold-frontal
feature off the Atlantic Coast. The separate system east
of Newfoundland is the remnant of Hurricane Danielle,

which is also undergoing ET. During the weakest stage
of Earl between 1200 UTC 4 September and 0000 UTC
5 September, the main cloud field becomes significantly
displaced to the east of the center and merges with a
new frontal wave south of Nova Scotia. Significant
deepening has occurred by 1200 UTC 5 September as
anew area of cloudiness forms north of the center over
Newfoundland and the eastern Gulf of St. Lawrence.
This area of cloudiness is evidence suggesting that sec-
ondary cyclogenesis has occurred. During the most in-
tense period on 6 September, a strong comma-shaped
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FiG. 6. Life history of Earl. (a) Time series of 1000-500-hPa thickness (thin line, dam) and minimum CMC SLP (thick line,
hPa). (b) Time-height plots of potential temperature (theta) with a contour interval of 5 K. (c) Equivalent potential temperature
(theta-€), again with an interval of 5 K, and (d) Ertel’s PV in 1-PVU increments. All of the above panels are plotted from 1200
UTC 2 Sep to 1200 UTC 7 Sep with the omission of 0000 and 0600 UTC 5 Sep. (€) Time series of the maximum pressure on
the 2-PVU surface (thick line, hPa) and the summed maximum low-level (925, 850, and 700 hPa) PV (thin line, PVU) from

100

200

309

4DG

300

600

Fo0

av0

00 -

c)

MA ET AL.
535
0 200 PR
AP NG
£75 308 -
g _“_//fﬂ“’//__‘
570 g 400 -\//"“"wﬁ—/
"_"\b_a .
§ _ 3 q G
L
566 » B w Ao
&2 o P S,
2 = I+
560 % I
e 320
CMC sfc et .
pressure g o
555 /4-3 L
4 R
200
\/ g5 T AN
.
#00 + o~
fot ettt ittt 545 33E¢ A5EP 3SEP 6SEF ISEP
@ «© [t} ) w ) @ m 2 b) 1995
& &3 e o w e} ] Bl (N D ATE
Time (DHH) BTC
% 100+ o Tz
e AR e
e T S ——d =
theta-e ~sss— m{ PV 1 YT
- T ) // .
VAL ) B o { O
[-ass 345 ol \/ b (
. \ /2 N S
4bad / \1 0 \\M
355 M3 e
™~ = 2
& 500 S
yd = {
/ ) /}
345 B0O
700 ¢
335 / kg /2
\ /\J a0 / /\
; s#‘f\ o / / -
5 ad LLh AN, P et / e
I3 4SEP G3EP BSEF SEP d) 3SEP 4SEP §aEF 63CP 5EP
1998 1388
DATE DATE
530 1
10
510
g9
450
= pressure on 2.0 g
£ PVU sfe
® 2
E  amoq \\ 72
I &
@
H \ &
=3
150 .
15
sum of low-layel PY \
430 4 \ /. 926+B50+700 hPa \\
/ ™ ¢
N
410 + h + ¢ . ! + 3
¢ e 8 8 ¢ 2 2 8 2 2 5 8 O
- = w w w ui =2 o Pl o€ . ~ I~
e) Time (B:HA) UTC

1200 UTC 4 Sep to 1200 UTC 7 Sep.

1347



1348

MONTHLY WEATHER REVIEW

VoLumE 131

{e] 00Z 6 Sep.

i
4 b
S

AR

M 12Z 6 Sep. 1

Fic. 7. The PV at 300 (thin contours and shading) and at 850 hPa (thick contours), both with 1-PVU contour intervals from
1200 UTC 4 Sep to 1200 UTC 6 Sep. The location of Earl is indicated by a boldface L (black or white).

pattern forms with a hook wrapping around the cyclone
center (964 hPa) at 1200 UTC 6 September. A spiraling
cloud pattern centered about the cyclone marks the be-
ginning of the decay on 7 September.

As Earl underwent ET on 3 and 4 September, dry air
from the north and west was invading the storm’s center,
forming afamiliar dry slot like that which is often seen
in mature extratropical cyclones. Vertica wind shear
could also be associated with the dry slot. As a con-
sequence, there was aloss of convection over the center
and the storm weakened rapidly. Much of the remaining
moisture was displaced to the northeast as the remains
of Earl moved toward the North Carolina coast on 4
September. On 5 September a belt of dry air moved off
the coast of North America and close to the center of
the storm. This belt wrapped around the eastern pe-
riphery of the circulation early on 6 September, even-

tually enclosing the center as the storm weakened |ater
that day.

b. Observed rainfall

Data from a network of rain gauges (Fig. 4) were
used to determine the distribution of rainfall over the
Atlantic provinces from 0600 UTC 3 September to 0600
UTC 7 September. The data were obtained from the
Meteorological Service of Canada climate station da-
tabase in Fredericton, New Brunswick. It wasfound that
precipitation from Hurricane Danielle (initially near
Newfoundland) did not contaminate the 4-day ‘‘Earl
period” totals in Fig. 4. Before the remains of Earl
neared the coasts of Nova Scotia and Newfoundland,
light amounts of precipitation were recorded owing to
the presence of a weak frontal system. However, the
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levels (thin solid)] for the times A—K shown in the legend. Thickest line shows the NHC best track.

majority of the precipitation fell during 5 and 6 Sep-
tember and was associated with Earl’s passage.

The heaviest precipitation fell over Nova Scotia's
Cape Breton Island and most of Newfoundland except
for the extreme northern part of the island. Satellite
imagery (Fig. 3) indicates a detached area of cloudiness
moving from Cape Breton to Newfoundland on 5 Sep-
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tember. Orographic features explain the local peaks in
rainfall observed at Cow Head, Newfoundland (81 mm),
and at Inverness, Nova Scotia (117 mm). Sinclair (1993)
also observed such significant orographically induced
peaks in the rainfall patterns from TC Bola in New
Zealand. Near the storm track in eastern Newfoundland
lesser amounts were observed due to the close proximity
of the dry slot wrapping around the storm’s center at
the time.

3. Data and methodology

The PV perspective will be applied to diagnose the
reintensification of the weather system once known as
Hurricane Earl. In a hydrostatic atmosphere and in iso-
baric coordinates, PV can be expressed as

v au o  uab
5342 o
X ay ap ox

where the symbols have their usual meaning. It isworth
noting that the first three terms on the right-hand side
are much larger than the other terms involving the bar-
oclinic and horizontal vorticity components.

A definition of the tropopause in terms of PV ismore
useful than alapse rate definition (Hoskins et al. 1985).
In this study a 2.0-PVU surface is defined as the dy-
namic tropopause (PVU is the unit for PV, 1 PVU =
1.0 X 107¢ K m2 kg~* s7%), which approximates the
boundary between the smaller PV magnitudes of the
troposphere and the larger cyclonic PV reservoir of the
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stratosphere. A positive upper-level PV anomaly in the
Northern Hemisphere typically corresponds to a cy-
clonic vorticity maximum, and a physically lower dy-
namic tropopause. A positive lower-tropospheric PV
anomaly typically occurs as a result of an upward in-
creasein latent heating. A positive potential temperature
anomaly near the surface is a surrogate for a positive
PV anomaly. Here an anomaly is defined as the differ-
ence of the full value and the time mean (e.g., the 18-
day average).

In section 4, CMC regional analysis datawill be used
on a polar stereographic grid, with a horizontal reso-
lution of 35 km at 60°N and 16 pressure levels up to
10 hPa. These data will be used in the diagnostic com-
putations of geopotential thickness, PV, potential tem-
perature, and equivalent potential temperature over a
domain of 240 X 140 grid points.

In section 5, wewill present results based onthe CMC
ensemble forecast system. In its 1998 operational ver-
sion, the CMC ensemble forecasting system consists of
eight members and one control, all of which represent
different configurations of the spectral model referred
to as the Spectral Eléments Finis (SEF; Ritchie and
Beaudoin 1994). The model uses T95 truncation, which
corresponds to a grid spacing of approximately 1.875°
latitude. Outputs are examined on 14 mandatory stan-
dard pressure levels, on a domain with 45 X 29 grid
points, which is approximately the same area as that of
the regional analysis data. All eight members and the
control run have the same horizontal resolution, but they
have different vertical resolution (e.g., members 1, 3,
5, 7 have 23 vertical levels and members 2, 4, 6, 8 have
41 vertical levels) and different time integration
schemes (e.g., some members use a three-time-level in-
tegration scheme, and some use a two-time-level inte-
gration scheme). They all run from different perturbed
analyses and use different physical process parameter-
ization schemes, such as different convection (Kuo or
Manabe), radiation (Garand or Sasamori), and gravity
wave drag schemes. They also have different represen-
tations of orography. The combinations of these options
that characterize the members are summarized in Table
1 [for more detail see Houtekamer et al. (1996) and
Houtekamer and Lefaivre (1997)].

Asexplained in section 2 of Houtekamer et al. (1996),
the perturbed analyses are generated using the ** breed-
ing growing modes”’ approach. Here all elements of the
forecasting system are considered to be subject to error
or imperfection. The model errors are reflected by the
use of the different combinations of realistic model op-
tions as explained above. In order to reflect the uncer-
tainty in the initial conditions for the forecasts, each
model configuration is used in a continuously running
6-h intermittent data assimilation cycle. Here we outline
the procedure based on model configuration i. For data
assimilation cyclei, theinput observationsare randomly
perturbed in agreement with their error statistics. Ap-
plying the analysis step yields perturbed analysis i,
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which isthen integrated with model versioni to produce
a 6-h forecast that serves as the first guess for the as-
similation of the next set of perturbed observations.
Note that the first guess perturbation contains a contri-
bution from model error (reflected by the model options
that characterize model version i vs the options used in
the other cycles) and from observational error (reflected
by the random perturbations to the observations in
agreement with their error statistics) that have evolved
during 6 h with the model dynamics. As the cycling
proceeds, the difference patterns among the various cy-
cles reflect the weaknesses of the model and the ob-
serving system as well as characteristics of the dynam-
ics. These difference patterns will tend to grow in time
due to the growth of the model forecast errors. But their
growth isalso limited by the assimilation of realistically
perturbed observations, so that the difference patterns
will become dominated by the most rapidly growing
modes that are characteristic of the current atmospheric
dynamics. Hence this procedure breeds growing modes.
Integrating perturbed analysisi for 10 days using model
version i generates one member of the ensemble of fore-
casts.

In this way, the ensemble forecasts represent an at-
tempt to estimate the full range of possible outcomes
given aredlistic range of possible initial conditions (to-
gether with equally good model configurations). The
results have been assessed in terms of verification of
the mean forecast and the control run. This is usually
carried out by calculating the root-mean-square errors
for the ensemble mean and the control run with respect
to the analysis. We expect that, on average, the mean
track of the ensemble members will agree better with
observations than will the track from the control (Zhang
and Krishnamurti 1999).

In section 5, we will take advantage of the variability
of the ensemble results to study the behavior of the
individual ensemble members and present some statis-
tical results to demonstrate which factors may be im-
portant for the strong reintensification of ex-Earl.

In the present study we use the CMC ensemble fore-
casting system to produce 10-day forecasts from three
different initial times: 0000 UTC on 3, 4, and 5 Sep-
tember. The integrations initialized at 0000 UTC on 3
and 4 September simulate both the weakening and rein-
tensification stages of Earl. Integrations initialized at
0000 UTC 5 September only simulate the reintensifi-
cation period.

4. Diagnostics using the CMC regional analyses
a. Sorm evolution

Sea level pressure and 1000-500-hPa geopotential
thickness fields during the reintensification period of the
former Earl are displayed in Fig. 5. The weakening rem-
nants of Earl have been moving east-northeastward off
the New Jersey coast, with a surface trough extending
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northeastward over the Maritime Provinces. Explosive
reintensification has begun by 1200 UTC 5 September
(Fig. 5¢) when Earl merges with the trough and with
the strong troposphere-deep baroclinic zoneto the north-
west. The upper-level trough to the northwest (and its
associated PV anomaly) is a key factor in the reinten-
sification since it provides an environment conducive
to cyclogenesis. The shape of the 1008-hPa contour in
Fig. 5b is a further suggestion that a secondary extra-
tropical cyclone formed in thisenvironment several hun-
dred kilometers to the northeast of the former Earl at
approximately 1800 UTC 4 September.

The mature phase of thiswarm-core ‘‘ seclusion’ pro-
cess (Shapiro and Keyser 1990) is evidenced in Fig. 5e
by awrapping up of the thicknessfield. After 1200 UTC
6 September (Fig. 5f) the former Earl is entering the
decay phase.

Figures 6a—e show the time evolution of the system
from decay through reintensification. The values of po-
tential temperature, equivalent potential temperature,
and PV over the center (Figs. 6b—d, respectively) are
calculated as the arithmetic means of the 5 X 5 grid
points around the surface center (aregion of about 140
km X 140 km). The center is defined as the location of
the local minimum in sea level pressure in the CMC
analysis.

As Earl moved northeastward during the period from
1800 UTC 4 September to 1200 UTC 5 September a
secondary low may have formed to the northeast. The
position of the pressure center(s) becomes ambiguous
for 0000—0600 UTC 5 September given the elongated
trough in the surface pressure field. Therefore we do
not compute the storm-centered diagnostics for these
two times, even though the NHC maintained Earl as a
separate center.

Figures 6a and 6b show that during the weakening
(transformation) stage, the former Earl maintained its
warm-core structure, with 1000-500-hPa thicknesses
over the center ranging between 575 and 580 dam. In
Fig. 6¢ the layers of potential instability prior to rein-
tensification correspond well with the location of low-
level PV anomalies shown in Fig. 6d.

The onset of reintensification is well correlated with
a decrease in the 1000-500-hPa thicknesses, a drop in
height of the dynamic tropopause, and an increasingly
stable stratification of the troposphere above the cy-
clone. The significant drop in thickness after 1200 UTC
5 September isshown in Fig. 6a. After the disintegration
of the low-level PV anomaly in Fig. 6d, the cyclone
weakens almost as rapidly as it intensified. Figure 6e
shows the entire process in terms of the magnitude of
the PV anomalies and highlights the importance of their
coexistence in the intensification. This storm evolution
is consistent with the general behavior described by Hart
and Evans (2001). In particular, the reintensification of
Earl at these latitudes during the peak hurricane season
illustrates the importance of the interaction of the bar-
oclinic region and the sea surface temperatures (SSTS).
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Earl did decay while moving over a region of cooler
SST, but the baroclinic zone moved in quickly enough
to trigger the reintensification.

b. PV overview

In this section we analyze the reintensification of Earl
in more detail using a PV approach (Hoskins et al.
1985). The use of PV in meteorology was first intro-
duced by Rossby (1940), and its popularity has recently
grown because of its attractive properties of conserva-
tion and invertability. It is now well known that the
combination of low-level warm advection and an upper-
level PV anomaly can result in strong cyclogenesis, with
the magnitude of the effect depending on the relative
positions of the anomalies. If the upper-level PV anom-
aly stays near the rear of the low-level warm anomaly
(usually with a large positive low-level PV value), the
wind field induced by it can result in mutual intensifi-
cation. Low-level PV is often used asa ' surrogate’” for
the low-level warm anomaly (Lackmann et al. 1996). It
is thus helpful to look at the relationship between the
upper- and lower-level PV anomalies in order to study
Earl’s reintensification. For this discussion, we ignore
the anomalies over the central and eastern North Atlantic
Ocean since they are associated with the transition of
former Hurricane Danielle.

In Fig. 7a Earl’s remnants appear as a single closed
contour of 1 PVU over the Carolinas. A strong upper-
level positive PV anomaly appears over Ontario and
Quebec. At 0000 UTC 5 September (Fig. 7b) the upper
anomaly elongates and intensifies, and a family of low-
level PV anomalies, aligned southwest to northeast
ahead of the trough, suggests convective instability in
the region and perhaps the presence of a secondary cy-
clone southeast of Cape Cod, as suggested in the pre-
vious subsection. McTaggart-Cowan et al. (2001) dis-
cuss the important role of latent heat release in fueling
an increase in PV due to convective precipitation near
the cyclone center during the reintensification.

At the onset of reintensification near 1200 UTC 5
September (Fig. 7c), the upper-level PV anomaly is po-
sitioned well to the west of the low-level anomaly. The
rapid filamentation and southeasterly extension of the
upper-level PV maximum are associated with the dig-
ging of the trough as it moves across the East Coast.
The rapid cyclonic roll-up of the upper-level PV anom-
aly is indicative of life cycle 2 (LC2)-type baroclinic
development (Thorncroft et al. 1993) associated with a
cyclonic Rossby wave break event. The largest strato-
spheric intrusions during such a rapid upper-level de-
velopment typically occur at the southeastern edge of
the PV anomaly. Further, the southeastward propagation
of the filamenting anomaly places Earl’s remnant in an
ideal location for cyclogenesis after 1200 UTC 5 Sep-
tember. Intensification of the near-surface circulation
continues as the anomalies interact by wrapping around
each other as shown in Figs. 7d-f. When the storm
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reaches its greatest intensity (964 hPa at 1200 UTC 6
September), the anomalies are virtually collocated and
thus can no longer positively interact.

This sequence of eventsis summarized in Fig. 8. The
track of the upper-level PV maximum is represented by
the maximum pressure on the 2-PVU surface. The low-
level PV maximum, as in Fig. 7, is represented at the
850-hPa level.

Figure 9 compares the minimum SLP to the PV anom-
aly interaction—shown as the horizontal separation be-
tween anomaly centers. The period of explosive inten-
sification begins when the anomaly centers come within
700 km of each other. A 700-km separation is main-
tained throughout the intensification period, and it is not
until the separation distance decreases to about 200 km
that we observe the end of the intensification. This is
the phase-locking discussed by Hoskins et al. (1985).
By analyzing differences between the ensemble mem-
bersin the next section, we see that the wrapping process
and this PV interaction play acrucial rolein Earl’srein-
tensification.

5. Diagnosis of CMC ensemble forecasts

a. General performance of the CMC operational
ensemble forecasting system

The CMC operational ensemble forecasting system
consists of eight SEF members and one control run. As
mentioned in section 1, forecasts from three different
initial times (0000 UTC on 3, 4, and 5 September) were
examined in detail. Sincethis systemincludesthe effects
of both different initial conditions and different model
configurations for the ensemble members, it reflects the
uncertainties arising from both the initial conditionsand
the model errors (Wilson et al. 1999).

Figure 10 shows the time evolution of the upper

boundary and lower boundary of the central SLP from
the ensemble members, the control run, and the regional
analysis. We define the upper and lower boundaries of
the central SLP as the highest and lowest values among
the ensemble members (including the control run), re-
spectively.

The results of our analysis for runsinitialized at 0000
UTC 3 September appear in Fig. 10a. The differences
in SLP at the initial time are a result of the different
conditions used for each ensemble. The spread between
the lowest and highest SLP values increases signifi-
cantly after 1200 UTC 4 September, just prior to the
weakest stage of the system. The control run performs
poorly until 0000 UTC 5 September, with values close
to that of the upper boundary. Thereafter, the control
approximates the midpoint between the upper and lower
boundaries. Not even the lowest SLP of the members
comes close to the actual minimum SLP of 964 hPa at
1200 UTC 6 September.

For the integrations initialized at 0000 UTC 4 Sep-
tember (Fig. 10b) no member deepensthe cyclone below
982 hPa. In fact, many of the members “lost” Earl
during this integration, which was initialized at a time
when the low-level PV anomaly was quite weak (Fig.
6d). Two criteria were used to decide whether the en-
semble member failed to follow the origina surface
cyclone: 1) if no such closed center could be determined
based on 4-hPa sea level pressure analyses or 2) the
center was discernible but the 1000-500-hPa thickness
over the center decreased by 15 dam over a 12-h period.
The latter case is one in which the model suggests a
secondary cyclogenesisby ““‘jumping’ from theremnant
tropical cyclone to a purely extratropical cyclone with-
out undergoing transition.

Figure 10c displays the results for integrations ini-
tialized at 0000 UTC 5 September. The spread between
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lower and upper SLP boundaries is the smallest for this
run, which reflects the fact that the PV anomaly inter-
action was beginning near this time. There seems to be
more of a consensus between the runs as to the nature
of the reintensification.

Composites of the model tracks are displayed in Fig.
11 for integrations initialized at 0000 UTC on each of
3, 4 and 5 September, along with the NHC best track
and the control run. A number of runs, especially those
initialized at 0000 UTC 4 September, lose the remnant
tropical cyclone and produce ajump in position. A tight-
er clustering of tracks for the 0000 UTC 5 September
run in Fig. 11c is observed, yet most are north of the
official storm track. Thisinitialization also yields better
agreement between members on the position of the
storm at 1200 UTC 6 September.

We now turn to a more detailed diagnosis to better
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understand the superior performance of some members,
particularly those initialized at 0000 UTC 5 September.

b. Characteristics of the ensemble means

For integrationsinitialized at 0000 UTC 5 September,
the means of the 1000-500-hPa geopotential thickness
over the center, the maximum dynamic tropopause pres-
sure, and the low-level PV are plotted in Fig. 12. The
results are collected into three groups according to min-
imum SLP: those less than or equal to 977 hPa (group
1, solid lines), those greater than or equal to 985 hPa
(group 2, short dashed lines), and those between 985
and 977 hPa (group 3, long dashed lines). Members that
deepened the cyclone the most, asreflected by astronger
low-level PV anomaly during the reintensification pe-
riod, had a better representation of the remnant tropical
air mass (as evidenced by alarge 1000-500-hPa thick-
ness) and stronger upper-level PV anomalies (larger val-
ues of maximum pressure on the 2-PVU surface).

A similar conclusion can also be drawn from ex-
amining the mean behavior of the ensembles that were
run from the three different intital times. The minimum
SLPvalid at 1200 UTC 6 September from the runs with
initial time of 0000 UTC on 3 (84-h forecasts, short
dashed), 4 (60-h forecasts, long dashed) and 5 Septem-
ber (36-h forecasts, solid) areplotted in Fig. 13a. Clearly
the SLP values in the runs originating at 0000 UTC 5
September are generaly the lowest, while those from
the runs originating at 0000 UTC 4 September are gen-
erally the highest. The remaining panelsin Fig. 13 ex-
amine the mean properties of the members that tracked
the former Earl throughout its entire life cycle from the
three initial times: the control run and members 2, 4, 5,
and 7. Figures 13b—d display the mean thickness over
the minimum SLP center, the mean lower-level PV, and
the mean maximum pressure on the 2-PVU surface for
the above five members together with the regional anal-
ysis, respectively. The results for the runs initialized at
0000 UTC 4 September (long dashed) illustrate that
their less intense SLP centers correspond with lower
thickness, lower pressure on the 2-PVU surface, and
smaller low-level PV. These figures also reveal that the
integrations initialized at 0000 UTC 5 September (thin
solid), which had the most intense SLP centers among
the forecasts from the three different initial times, also
had stronger anomalies in lower- and upper-level PV.
Compared to the analyses, the forecasts initialized at
0000 UTC 3 September (short dashed) overpredicted
the warm anomaly (larger thickness) over the SLP cen-
ters from 0000 UTC 3 September to 0000 UTC 5 Sep-
tember. These forecasts also had the highest thicknesses
among the forecasts made from the three different initial
times. This is one of the reasons that the integrations
initialized at 0000 UTC 3 September reached lower cen-
tral SLP values than did the integrations initialized at
0000 UTC 4 September.

The runs that contained the most accurate initial rep-
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Fic. 12. For forecasts with initial time 0000 UTC 5 Sep, (a) mean thickness over the storm center, (b) mean maximum
pressure on the 2.0-PVU surface, and (c) mean low-level PV. Solid lines represent ensemble members with SLPs less than or
equal to 977 hPa, short dashed lines represent members with SLPs greater than or equal to 985 hPa, and long dashed lines

represent members with SLPs between 985 and 977 hPa.

resentation of the tropical air mass and that had the
largest values of upper-level PV resulted in the most
intense systems as evidenced by large lower-level PV
values.

c. Patterns on the dynamic tropopause

Here we compare the evolution of the upper-level PV
anomalies of two ensemble members (initialized at 0000
UTC 3 September), one of which does a good job at
reintensifying the cyclone (member 1) and the other of
which did not perform as well (member 6). In an anal-
ysis of the low-level PV anomaly we determined that
member 1 resolved this feature much better than did
member 6. An analysis of the dynamic tropopause was
performed at three periods during the integration. The
results are shown in Fig. 14 covering the period from
just prior to reintensification to the time when the cy-
clone was weakening on 7 September. The locations and
central pressures of the associated surface lows are also
indicated. After 72 h of integration, the anomaly of
member 1 appears to be sharper than that of member
6. This is interpreted as a sharpened midlevel trough
that fuels the observed cyclogenesis in member 1
through enhanced vorticity advection. After 96 h, the
anomaly of member 1 has wrapped into a classic hook
structure similar to the feature discussed by Browning
et a. (1998) and seen clearly in the PV field at 300 hPa
(Fig. 7). Although member 6 shows a hint of this PV
wrapup, it is much less dramatic.

Figure 15 shows the pressure on the 2-PVU surface
from selected ensemble members initialized at 0000
UTC 3 September and 0000 UTC 5 September, along
with the regional analysisand the control run. Each chart
is valid for the 12-h period when the member reached
its minimum SLP before 1200 UTC 7 September. The

wrapping-up process (such that the 250-hPa contour
threshold wraps north of the maximum pressure center)
was best simulated by members 1 and 3, and the control
initialized at 0000 UTC 3 September, and by members
2, 3, 6, and 8, and the control initialized at 0000 UTC
5 September. Each of these members achieved a mini-
mum sea level pressure less than or equal to 980 hPa.
In reaching 974 hPa, member 2 simulated the strongest
reintensification.

d. Potential vorticity inversions

To better document the importance of PV dynamics
in determining which members best captured Earl’srein-
tensification, PV inversions were performed on the fore-
casts initialized at 0000 UTC 5 September.

To quantify the dynamics associated with each of the
major positive PV anomalies in the ensemble members,
we applied the piecewise PV inversion technique of
Davis and Emanuel (1991). The mean state was based
on an 18-day average centered on 0000 UTC 5 Septem-
ber. Dirichlet conditions retaining the full streamfunc-
tion and geopotential perturbations were applied at the
lateral boundaries. Inversions performed using homog-
enous Neumann conditions yielded identical results
away from theimmediate boundary areas. Twelvelevels
(2000, 925, 850, 700, 500, 400, 300, 250, 200, 150,
100, 50 hPa) were used for the inversion, with the top
and bottom boundary conditions supplied by the 50-
and 1000-hPa perturbation potential temperatures, re-
spectively.

Figure 16 presents 24-h forecasts of the 1000—-850-
hPa thickness advection cal culated using the component
velocities attributable to the upper-level dry PV anom-
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Fic. 13. Selected fields from selected ensemble members for initial time at 0000 UTC on 3, 4, and 5 Sep.
(a) Sea level pressure at 1200 UTC 6 Sep for the analysis, control run, and all the ensemble members with
initial time at 0000 UTC on 3 (short dashed), 4 (long dashed), and 5 Sep (solid). (b) Mean thickness over
the center, (c) mean low-level PV, and (d) mean maximum pressure on the 2-PVU surface. In (b)—(d) thick
solid lines are for regional analysis, short dashed lines are for initial time 0000 UTC 3 Sep, long dashed
lines for initial time 0000 UTC 4 Sep, and thin solid lines for initial time 0000 UTC 5 Sep.

aly* from 0000 UTC 5 September. Contours are plotted
in intervals of 2 X 10~ m s~* with the +1, +2, and
+3 X 1073 m s* areas shaded to represent regions of
positive thickness advection produced by the upper-lev-
el dry PV anomaly. Figure 16 thus presents the low-
level dynamical impact attributable to the upper-level
PV anomaly. Here we see that the members that suc-
cessfully captured the wrapping-up process and Earl’s
reintensification (the control run and members 2, 3, 6,
and 8) all had maximum values of 5.4 m s~* or higher,
whereas the unsuccessful members (with the exception
of member 4) had lower values. Member 2 had the
strongest value of this diagnostic and also generated the
strongest cyclone. The inverted lower-tropospheric
winds associated with the upper anomalies (not shown)

1 Defined as any positive PV anomaly at or above 850 hPa whose
relative humidity is 30% or less.

reveal stronger couplets of thermal advection in the
more successful members.

6. Summary and conclusions

The factors governing the extratropical reintensifi-
cation of aremnant tropical system south of Newfound-
land—Hurricane Earl, September 1998—have been
studied using the Canadian Meteorological Centre re-
gional analysis and ensemble forecast system. The tran-
sition phase of Hurricane Earl’s life cycle began soon
after landfall at 0600 UTC 3 September, and NHC de-
clared the storm extratropical at 1800 UTC 3 September.
Earl’s decay continued as the storm moved off the North
Carolina coast and curved cyclonically to track parallel
to the East Coast of the United States about 400 km
offshore. By 0000 UTC 5 September, the weakened sys-
tem (now filled to 1004 hPa) lay off the New Jersey
coast but was beginning to accel erate northeastward un-
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Fic. 14. Pressure on the 2-PVU surface for ensemble members 1 and 6. Plots are shaded for pressures greater than 250 hPa (depressed
tropopause). Both members were initialized at 0000 UTC 3 Sep, thus, (a), (c), (e) and (b), (d), (f) correspond to the 48-, 72-, and 96-h
forecasts of members 1 and 6, respectively. Locations and central pressures of corresponding surface lows are indicated in boldface.

der the influence of an approaching upper-level trough.
Through deformation of the coastal baroclinic zone,
strong frontal features began to appear shortly after that
time, and the SLP of the reintensifying system began
to drop rapidly. Deepening 40 hPa during its 36-h ex-
tratropical reintensification phase, the former Earl pro-
duced heavy precipitation over Nova Scotia before mak-
ing landfall on Newfoundland's Avalon Peninsula at
1200 UTC 6 September as a 964-hPa low with 25 m
s~ winds. The system entered a second decay phase
shortly thereafter, and tracked eastward until 1800 UTC
8 September when it was absorbed into the long-lived

extratropical cyclone resulting from the transition of
Hurricane Danielle.

Using a PV perspective for the case diagnosis and
static PV inversions, it was found that the factors nec-
essary for the reintensification of the remnant tropical
system were (@) the presence of a strong upper-level dry
positive PV anomaly and warm, moist low-level dia-
batically generated PV anomaly and (b) an interaction
between the two PV anomalies such that they underwent
mutual intensification for an extended period of time.
The interaction between anomalies was shown to occur
when the upper-level PV anomaly wrapped about the
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control run and analysis. The analysisis valid at 1200 UTC 6 Sep and the number in the brackets is the length of the forecast. All are valid
for the 12-h period when they reached their minimum sea level pressure up to and including 1200 UTC 7 Sep. Unit, hPa; interval, 50 hPa,

with pressure greater than 250 hPa shaded.

lower-level PV anomaly in a cyclonic fashion while
maintaining a horizontal separation of about 700 km
during the reintensification period, which is consistent
with the phase-locking theory of Hoskins et al. (1985).

Results from the study of the eight-member ensemble
forecast system showed that (a) integrations initialized
at 0000 UTC 4 September resulted in the greatest num-
ber of members failing to continuously track the rem-
nant tropical system, (b) there was much greater con-
sensus between membersinitialized at 0000 UTC 5 Sep-
tember, and (c) the members that best resolved the upper
and lower PV anomalies (i.e., had the largest central PV
values and sharpest shape definition) yielded the lowest
SLPs at maximum intensity.

Accurately predicting the extratropical transition of
tropical cyclones remains a forecasting challenge. Even
more difficult, however, ispredicting in real timewheth-
er these systems will subsequently reintensify explo-
sively. The results of this study suggest a knowledge of
the strength and positioning of the upper and lower pos-

itive PV anomaliesiscrucial for the accurateforecasting
of these events. Strong PV anomalies separated by a
horizontal distance of less than 1000 km may be can-
didates for phase locking and rapid reintensification of
the type described in this case study. It is our hope that
these results will help to focus further research on the
topic of extratropical transition and will improve the
operational predictability of these potentially damaging
events.
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