EXTRATROPICAL TRANSITION
OF HURRICANE MICHAEL
An Aircraft Investigation

BY JAMES ABRAHAM, J. W A L T E R STRAPP, CHRISTOPHER FOGARTY, A N D MENGISTU W O L D E

The Canadian Convair 580 research aircraft collected unique meteorological data—including
cloud microphysics—as Hurricane Michael underwent extratropical transition
east of Nova Scotia in October 2000.

T

ropical cyclones (TCs) generally form in the low
latitudes and threaten the safety of mariners and
the lives and property of the public and marine
communities in most tropical ocean basins. The subsequent transit of these systems into higher latitudes,
over land or cool waters and under the influence of
the midlatitude flow aloft, normally results in the
decay of these storms (Anthes 1982). However, the interaction of TCs with the baroclinic environment in
the middle latitudes can result in the transformation
of a TC into an extratropical cyclone, a process known
as extratropical t r a n s i t i o n (ET). H a r t a n d Evans
(2001) have shown that 46% of TCs in the Atlantic
Ocean undergo ET. Additional studies by Klein et al.
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(2000, 2002) in the Pacific confirm that ET is an important component of the life cycle of a TC.
In the western N o r t h Atlantic, a few severe ET
events have been studied. For example, the studies of
Hurricane Hazel in 1954 by Knox (1955) and Palmen
(1958) were the first to describe the rapid intensification and large amounts of precipitation associated
with an ET over land. Hazel resulted in 83 deaths in
the Toronto area of southern Ontario, Canada, and
an estimated $100 million in damage (1954 dollars).
Natural disasters such as Hurricane Agnes in 1972
(DiMego and Bosart 1982a,b) and the 1938 New England hurricane (Pierce 1939) were also associated
with interactions of decaying TCs with the baroclinic
environment in the midlatitudes, resulting in flash
flooding f r o m extreme precipitation totals of 200300 m m in 24-36 h.
The interaction of TCs with the midlatitude westerlies and subsequent transformation into extratropical systems is a forecast challenge for meteorologists
in all ocean basins affected by TCs. A common problem is the accurate prediction of the behavior (track,
intensity, and impacts) of these rapidly changing systems. The greatest challenges during an ET event are
associated with the potential large amounts of precipitation, continued high winds, and the generation of
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large ocean surface waves and swells. These significant impacts often occur after the TC has weakened
and advisories have been discontinued by the TC forecast center.Furthermore, these storms typically accelerate under the influence of the midlatitude steering
flow, increasing the likelihood of inadequate warning
lead time. Jones et al. (2003) have thoroughly summarized the scientific and operational challenges associated with ET. They recommended conducting an
ET field p r o g r a m that would include field experiments with intense observation periods.
Subsequent to the first international workshop on
the Extratropical Transition of Tropical Cyclones held
in Kaufbeuren, Germany, in May 1999 (Jones et al.
2003), the Meteorological Service of Canada (MSC)
began planning an ET contribution to the United
States Weather Research Program (USWRP) Hurricane Landfall Program (Elsberry and Marks 1999).
Given that the area near the Canadian Atlantic Provinces has the highest climatological frequency of ET
events (Hart and Evans 2001), one potential component of this program would be the use of the National
Research Council (NRC) of Canada's Convair 580
(CV580) aircraft to conduct meteorological and cloud
microphysical investigations of ETs passing offshore
of Atlantic Canada. Because there were a number of
questions regarding the suitability of the CV580 for
ET flights, scientists from the MSC and the National
Research Council agreed to conduct a test flight into
an opportune system during the 2000 Atlantic hurricane season. A successful research flight was conducted through Hurricane Michael (Fogarty 2002 and
Stewart 2000) on 19 October 2000.

that m o v e d over the region f r o m the n o r t h w e s t .
D u r i n g the following days, the system developed
tropical characteristics owing to w a r m sea surface
temperatures (28°C) and weak vertical wind shear. At
0000 UTC 17 October the National Hurricane Center (NHC) upgraded the system to the status of Tropical Storm Michael. The N H C "best track" for Michael
is shown in Fig. 1, and a time series of wind, pressure,

FIG. I. National Hurricane Center best track for Hurricane Michael marked with "o," and the subjectively
analyzed extratropical (XT) low marked with "x."

The remainder of this paper includes a synoptic overview of Hurricane Michael in the next section. A
description of the CV580 measurement systems is then provided, followed by data and analyses. Finally
the s u m m a r y and conclusions are
presented, including targeting objectives for ET field campaigns and future w o r k using aircraft data collected from Hurricane Michael.
S Y N O P T I C

O V E R V I E W .

Hurricane Michael f o r m e d f r o m a
subtropical low pressure system approximately 650 km west-southwest
of B e r m u d a d u r i n g m i d - O c t o b e r
2000. This low developed on 12 October along a cold frontal zone in response to an upper-level cold low

FIG. 2. National Hurricane Center best-track time series for Hurricane
Michael: minimum sea level pressure (hPa; thick line), maximum sustained wind speed (m s _l ; medium line), and storm forward speed (m s _l ;
thin line). Values in parentheses at the bottom of the plot indicate
estimated sea surface temperatures (°C) beneath the storm center.

1324 I BAflS- SEPTEMBER 2004
Unauthenticated | Downloaded 01/09/23 03:00 AM UTC

forward speed, and sea surface temperature beneath
the storm center is shown in Fig. 2. The sea surface
temperatures directly beneath the storm center track
are estimated from satellite data.
Michael reached hurricane strength by late afternoon on 17 October based on satellite imagery and
operational aircraft reconnaissance data. Convection
was increasing and the upper-level diverging outflow

pattern was improving. O n 18 October Hurricane
M i c h a e l b e g a n to i n t e r a c t w i t h t h e m i d l a t i t u d e
baroclinic environment to the northwest. The evolution of satellite imagery and 500-hPa flow pattern for
the midlatitude flow interaction period, beginning
1800 UTC 18 October, is shown in Fig. 3. On 18 October the storm began moving north-northeastward
a h e a d of a m i d l a t i t u d e t r o u g h to the n o r t h w e s t

FIG. 3. Evolution of GOES infrared satellite and 500-hPa geopotential height and absolute vorticity analyses
during the extratropical transition of Hurricane Michael, Oct 2000. The location of the hurricane surface center is shown in the 500-hPa panels by the large black asterisk.
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SEPTEMBER 2004 BAflfr | 1325
Unauthenticated | Downloaded 01/09/23 03:00 AM UTC

(Figs. 3a-c). Early on 19 October the eye became
ragged and then disappeared based on infrared satellite imagery, indicating the telltale signs of wind shear
(e.g., the cloud shield extending well to the north and
northeast in this case). However, later that morning,
a hooked spiral feature in the cloud appeared, wrapping around the storm center (Fig. 3g). Also at this
time, Michael was moving northeastward at approximately 20 m s_1, and a new low associated with the
negatively tilted upper-level trough over the northeastern United States formed about 200 km south of
Cape Sable, Nova Scotia, Canada (see Fig. 4 for reference map). The estimated track of this new low pressure center is shown in Fig. 1.
During the afternoon of 19 October, a strong interaction occurring between the energetic t r o u g h
(Fig. 3f) a n d t h e h u r r i c a n e r e s u l t e d in r a p i d
reintensification of the hurricane (Fig. 2). The deepening rate was approximately 2 hPa h"1 in the 6 h between 1200 and 1800 UTC 19 October. A ship, the
MSC Xingang (call sign 3EHR6), located just east of
the center at 1700 UTC, reported a sea level pressure
of 965.5 hPa and a sustained southerly wind of 41 m
s _1 at an i n s t r u m e n t height of 30 m. At the time,
Michael was racing northeastward at approximately
30 m s"1, indicating just how quickly the cyclone was
accelerated by the upper-level flow. We believe that
the fact that Michael was moving into a cyclogentically
favorable region of the midlatitudes played a significant role in its intensity. Under normal circumstances

FIG. 4. Reference map for locations cited in the text.

one would expect a hurricane moving over these cool
waters to undergo substantial weakening. It is possible
that the energy owing to baroclinic processes counteracted the loss of thermodynamically driven energy
of the hurricane, resulting in maintenance of a strong
storm moving over cool waters.
As the hurricane tracked toward the south coast
of Newfoundland, Canada, the original baroclinic low
south of Nova Scotia (see track in Fig. 1) became incorporated into the hurricane circulation. Based on
the subjectively analyzed surface weather m a p
(adapted f r o m the Newfoundland Weather Center
operational manual analysis) at 1800 U T C 19 October (see Fig. 5) the low, marked with a question mark
in the figure, may have maintained its entity to the
south-southwest of Michael's center, with Michael
located in the warm sector of the baroclinic wave.
There was a line of convection and lightning (not
shown) along the w a r m f r o n t associated with the
baroclinic low pressure system, while no convection
or l i g h t n i n g was observed along t h e cold f r o n t .
Convection (lightning) was also present along the
band of cloud extending well south of the storm into
the subtropics, as shown in Figs. 3g-k.
The center of Michael reached the south coast of
Newfoundland just west of Harbour Breton around
2230 UTC (2000 LT) 19 October. Forty-five minutes
before landfall (of the sea level pressure-center minimum), radar imagery from Holyrood, Newfoundland
(about 200 k m to the east of H a r b o u r Breton), revealed an arc of echoes enc i r c l i n g o v e r half of t h e
n o r t h e r n part of the core
(see Fig. 6), suggesting the
p r e s e n c e of an eyewall.
C o n v e c t i o n was shallow,
and almost nonexistent,
over t h e s o u t h w e s t e r n
quadrants of the core based
on radar and satellite imagery. The center of the storm
as inferred f r o m the radar
image is estimated to be at
the location marked by the
red "X." This p o s i t i o n is
about 80 k m northeast of
the estimated surface center
position for the same time
(not shown). Owing to the
curvature of the earth and
the m i n i m u m elevation
angle of the radar, the location of X is approximately
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3 km above sea level. This displacement corresponds to an 88° "tilt" of
the storm to the northeast, which is
c o m p a r a b l e to the 86° tilt determ i n e d f r o m aircraft observations
while Michael was east of Sable Island (section 3). The difference between the surface low pressure center and the center at a higher level
may not indicate a uniform tilt of the
vortex with height (as for solid body
rotation), but could be due (at least
in p a r t ) to d e c o u p l i n g (displacement) of the vortex above the boundary layer.
Satellite i m a g e r y just p r i o r to
landfall (Fig. 3j) showed the innercore convection beginning to erode
from the southern side of the storm,
exposing the low-level center. Near
the time of landfall, however, there
was a short-lived burst of convection
just north of the storm center, but as
the storm moved inland, all deeplayered cloud and convection rushed
northward leaving the characteristic
c o m m a - s h a p e d p a t t e r n of an occluded extratropical cyclone.
The 500-hPa trough (Fig. 3f) that
had accelerated Michael northward
became a slow-moving closed low
over Prince Edward Island, Canada,
by 0000 U T C 20 October (Fig. 31)
when Michael was located over Newfoundland. At this time Michael had
become extratropical and its forward
motion slowed significantly during
the 6 h after landfall. By 0600 UTC,
the storm had moved to just north of
the Baie Verte Peninsula of Newfoundland, Canada. Surface analyses
(not shown) and observations show
that the central pressure of 965 hPa
at landfall was maintained through
the night as the storm moved inland.
However, the sea level pressure field
had expanded significantly during
that time as noted by the doubling in
diameter of the 980-hPa pressure
contour between 0000 and 0600 UTC
20 October.

FIG. 5. Manually drawn, subjective surface analysis (contours of pressure every 4 hPa) and surface weather observations at 1800 UTC 19
Oct 2000. Contours are labeled in tens of hectopascals. The suspected
location of the baroclinic low is marked with "L?."

Data from buoy 44255 (Fig. 4) to
the west of Michael's track off the

FIG. 6. Base reflectivity [1.5-km constant altitude plan position indicator (CAPPI)] radar image from Holyrood, NL, Canada, at 2145 UTC
19 Oct 2000. Range rings are every 40 km. Radar-inferred storm center is marked with a red "X."
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south coast of Newfoundland indicated winds shifting to northwesterly as Michael passed, then briefly
to southeasterly between 0000 and 0100 UTC 20 October with a second small drop in sea level pressure.
A similar pattern was observed 3 h later at an automated weather station east of Michael's track (WZN
in Fig. 4). These observations support the contention
that the extratropical low, originally forming in response to the midlatitude trough off of Nova Scotia,
may have trailed Michael during ET, and did not bec o m e completely a b s o r b e d until after 0000 U T C
20 October.
For a more detailed synoptic analysis and forecasting critique of Hurricane Michael, see Fogarty (2002).
Additional i n f o r m a t i o n is available f r o m Stewart
(2000) and Franklin et al. (2001).
C O N V A I R 5 8 0 R E S E A R C H FLIGHT DES C R I P T I O N , D A T A , A N D A N A L Y S I S . The
MSC has collaborated with the NRC since the early
1990s on numerous airborne investigations of midand high-latitude storms using the NRC CV580 research aircraft (Cober et al. 1995; Isaac et al. 2001).

This aircraft has been instrumented by the MSC and
the NRC for storm research with a special emphasis
on cloud microphysical measurements. Table 1 contains a s u m m a r y of relevant meteorological instrumentation on the CV580 during the Michael flight.
In addition to the usual in situ atmospheric state parameter measurements, the aircraft was equipped
with a wind- and gust-measurement system, several
hot-wire liquid water content (LWC) and total water content (TWC) devices, an ice accretion detector,
nine particle measuring and imaging probes (covering from submicron aerosols to large precipitationsized particles), a National Center for Atmospheric
Research (NCAR) Airborne Vertical Atmospheric
Profiling System (AVAPS) that allows for tracking up
to f o u r GPS d r o p s o n d e s s i m u l t a n e o u s l y , a n d a
35-GHz Cloud Profiling Radar (CPR) system (Jordan
et al. 2000) that provides continuous and simultaneous reflectivity cross sections above and below the
aircraft from upward- and downward-pointing
fixed antennae.
The CV580 aircraft, which has a normal ceiling of
approximately 7000 m and a flight duration of ap-

T A B L E 1. List of in situ and remote sensing measurements made on board the Convair
flight into Hurricane Michael, adapted from Wolde et al. ( 2 0 0 1 ) .

580

during the

Measurement

Instruments and comments

Position, airspeed, accelerations, altitude

Litton LTN-91 IRS, Novatel RT20 GPS, Novatel Millenium GPS

Pressure (airspeed, barometric altitude)

Separate fuselage and under-wing-mounted pitot systems

Radar altitude

Honeywell HG7I95A2 (< 750 m), T R T AHU-9 radar altimeter (< 7500 m)

Three dimensional winds, gusts, angle
of attack

Rosemount 858AJ28 five-hole pitot static system

Bulk liquid and total water contents

Particle Measuring Systems (PMS) King LWC, Nevzorov L W C , and T W C
system

Temperature

Rosemount I02DJICG, Rosemount I02E2AL, Reverse Flow ( N C A R design)

Dewpoint

EG&G Cambridge model 137

Water vapor and C 0 2 mixing ratios

Licor 6262 infrared gas analyzer

Particle number spectrum and images

PMS passive cavity aerosol spectrometer probe (PCASP) (0.1 1-3.0 ^m),
FSSP-100 (3^45 fim), FSSP-100 extended (5-95 /im), PMS 2 D C (25-800 /xm,
imaging), PMS 2 D C gray (25-1600 ^m, imaging in three grayscales), PMS 2DP
(200-6400 jum, imaging), Desert Research Institute Cloudscope

Icing rate

Rosemount 871 FA Icing Rate Detector

Radar reflectivity

34.8-GHz Ka-band radar, up- and down-pointing fixed antennae (U.S. military
AN/APD-7 reengineered by Science Engineering Associates, MSC, and NRC);
X-band Honeywell RT400I pilot's radar recorded

Remote temperature, humidity, and wind
profiling below aircraft

Airborne Vertical Atmospheric Profiling System (AVAPS; GPS dropsonde
system), built by N C A R
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proximately 5 h, had never been flown into a hurricane. During the 2000 hurricane season, our main objective was to gain experience on the practical limitations of the CV580 as a research platform for studying
ET to best assess its possible role in f u t u r e larger,
multiagency investigations. The aircraft was instrumented in the late summer of 2000 and stationed in
Ottawa, Ontario, Canada, while the Canadian Hurricane Centre (CHC) in D a r t m o u t h , Nova Scotia,
Canada, provided daily weather briefings on hurricane activity. On 17 October 2000, the flight crew was
alerted that Tropical Storm Michael, then nearly stationary at approximately 30°N, 71 °W, was likely to
accelerate and track to the east of Nova Scotia. The
crew assembled in Ottawaon 18 October, and flew to
Greenwood, Nova Scotia, Canada, early in the morning of 19 October. After a brief discussion with a C H C
forecaster at Greenwood, the aircraft flew a research
flight into Hurricane Michael from 1530 to 1930 UTC
on 19 October. Wolde et al. (2001) discussed the performance of the CV580 during this flight, and its suitability for future hurricane research. In this section,
the meteorological measurements of this flight are
summarized.

collected during the flight itself. The data f r o m the
CV580 flight depict a snapshot in time of a rapidly
changing system undergoing ET near the period of
maximum intensity.
Figure 7 displays the flight track of the CV580
through Hurricane Michael, superimposed on the
1702 UTC Geostationary Operational Environmental Satellite (GOES) visible satellite image, approximately at the time when the CV580 was closest to the
storm center. The aircraft originally followed a heading toward a forecast location of the hurricane center (track A-B), but the heading was changed at point
B to adjust for the late takeoff of the aircraft and rapid
storm motion. Based on Fig. 7, it appears that the aircraft passed just to the south of the storm center
(track B-E), and was in a relatively clear area on the
east side of the storm by point E. Although it would
have been of great meteorological interest to traverse
to the area of bright cloud just north of the center
indicated on the satellite image (point F), a decision
was made to divert southward, bypassing the strongest headwinds near the storm center, and then investigate the baroclinic region to the northwest of the
s t o r m center (points G - H ) . The positions of the
16 dropsonde releases are also shown in Fig. 7. The
dropsondes
had an average spacing of approximately
Storm structure. We focus here on the storm structure
near flight time based on satellite imagery and data 50 km near the center. Most sondes provided nearcomplete vertical profiles of thermodynamic data; sondes 10 and 12 provided no useful wind data. The open
dots show the position of the sondes
when released from the aircraft. For
those sondes that provided GPS positions, the final positions at splashdown are shown by the filled dots.
Note that the start and end positions
d i f f e r e d by u p to a m a x i m u m of
about 23 km near the storm center.
Figure 7 also displays the approximate track of the center of rotation
of the cloud top as subjectively estimated from a GOES infrared image
loop. The uncertainty of this estimate
is of the order of 0.1° latitude and/
or longitude. These positions do not
account for the parallax of the satelFIG. 7. Composite of GOES infrared satellite image ( 1 7 0 2 UTC 19 Oct
lite view, to be discussed below.
2 0 0 2 ) , with the Convair flight track (solid) and Hurricane Michael satFigure 8 displays the wind symellite-inferred track (dashed) superimposed. Positions of dropsonde
bols from the dropsonde data closest
releases (open dots) and splash locations (solid dots) are shown along
to the ocean surface for the CV580
the flight track with segments of the flight track referenced in the text,
track f r o m points A to E of Fig. 7,
labeled A-H. An estimate of the cloud-top storm center at 1700 UTC,
along with other surface observacorrected for parallax, is marked with an asterisk just southwest of
the uncorrected 1700 UTC position.
tions taken at 1700 U T C near the
AMERICAN METEOROLOGICAL SOCIETY
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FIG. 8. Composite of Hurricane Michael storm tracks (surface in yellow, cloud top in blue) and surface
wind and sea level pressure observations from dropsondes and other surface weather data on 19 Oct
2000. Conventional notation is used for wind plots and sea level pressure is shown by each observation
in tenths of hectopascals; 1700 UTC data are shown in red to establish the 1700 UTC hurricane surface
center denoted by the hurricane symbol. The position of the additional hypothesized baroclinic low pressure system at 1700 UTC is shown by the symbol "L?."
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hurricane center. The heights of the final dropsonde
thermodynamic observations before splashdown for
most sondes varied between 6 and 9 m, with the exception of dropsonde 6, which lost these measurements below 3800 m. Dropsonde surface pressures,
adjusted for final measurement height, are also shown.
The heights of the final wind measurements varied between 6 and 13 m, except for dropsondes 5, 6, and 7,
which were at approximately 106, 108, and 33 m, respectively. Five wind symbols are shown in red, all
referring to measurements taken at 1700 UTC, with
the exception of dropsonde 7, which was taken at 1649
UTC. The observation from the ship MSC Xingang
(3EHR6) shows the lowest surface pressure at 965
hPa, and southerly winds of approximately 41 m s_1.
T h e lowest a l t i t u d e w i n d s f r o m d r o p s o n d e 7 of
44 m s_1 from 242° at 33 m are likely stronger than
surface values. The 1700 UTC observations at Sable
Island (43.9°N, 60.0°W) show a weaker easterly wind,
and from buoy 44139 (Banquereau Bank, Nova Scotia,
Canada) at 44.2°N, 57.3°W, southeasterly winds at
23 m s -1 are shown. The position of the hurricane sur1330 I BAI15- SEPTEMBER 2004

face low at 1700 UTC was, thus, estimated at 43.0°N,
59.65°W with a central pressure of 965 hPa, and is depicted in Fig. 8 by the hurricane icon. It is estimated
that the low center may have been, in reality, as much
as 25 km to the north and/or west, but was unlikely
south or east of our position estimate.
Note that the surface center position indicated in
Fig. 8 is significantly to the west of the cloud-top center of rotation (blue line) at 1700 UTC, estimated visually by inspection of GOES IR images. Some of this
is due to the parallax caused by the view angle of the
satellite. Assuming a typical cloud top of approximately 10 km, as indicated in section 3b, this would
translate into a parallax of about 12 km and 15° east
of north. The adjusted position is shown as an asterisk next to the 1700 U T C satellite track position in
Fig. 7, and the displacement is nearly imperceptible
on this scale. Therefore, the difference of the surface
and satellite-derived storm centers imply a nearly
due-east tilt and/or "decoupling" of the system at this
time, amounting to a displacement of approximately
75 km from the surface to an approximately 10-km

altitude. This corresponds to a tilt of approximately
82° from the vertical. Even a 0.2° latitude and/or longitude error in both positions would still imply a tilt
in excess of 76° from the vertical. Note that Fig. 8 also
suggests that the relative positions of the surface center and the satellite-derived cloud-top center changed
with time. The displacement was smallest at the beginning of the sequence, becoming more easterly with
height by 1700 UTC, and finally more northerly with
height and with a larger displacement by 2000 UTC.
This pattern of increasing displacement is consistent
with the inferred displacement based on radar imagery near landfall as discussed in section 2. Figure 8 also
shows the estimated location of the second low pressure center associated with the baroclinic system
noted earlier that moved off of the coast and interacted with the hurricane. The wind direction at Sable
Island, in fact, supports the existence of a trough or
secondary low at this position.
The track of the CV580 relative to the estimated
location of the moving storm center is shown in Fig. 9.
The center of rotation of the cloud tops at 1700 UTC
(as deduced from satellite imagery) is indicated by the
asterisk. The CV580 did not sample the northeast
quadrant of the hurricane and clearly never passed
t h r o u g h the bright, convective-looking cloud observed north of the center
of rotation. However, the
aircraft passed about 10 km
s o u t h of the s u r f a c e low
center at about 1640 UTC.
The westbound leg on the
r e t u r n was clearly well
south of the center.

FIG. 9. CV580 flight track relative to estimated moving
surface center. The surface center at all times is defined
as t h e coordinate (0, 0) at t h e intersection of t h e
crosshairs. T h e position of t h e surface c e n t e r at
1700 UTC was estimated as 43.0°N, 59.65°W. The estimated center of the cloud-top circulation at 1700 UTC
is shown by the asterisk. Positions at 30-min intervals
are s h o w n by o p e n c i r c l e s . B e t w e e n 1630 and
1700 UTC, circles are at 10-min intervals.

Figure 10a displays the
radar cross section of Hurricane Michael for the combined tracks A - B and B-E
(Fig. 7). The position of the
estimated surface center is
approximately at point C in
this figure. The loss of the
radar ground echo at point
C, and the apparent hole in
the precipitation field, was

FIG. 10. Cross sections through
Hurricane Michael of (a) radar
and wind speed (m s _ l ) from
d r o p s o n d e data, and (b)
equivalent potential temperature (0 e ; K), also from dropsonde data.
AMERICAN METEOROLOGICAL SOCIETY
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caused by radar attenuation in the heavy precipitation
( W o l d e et al. 2001). Figure 10a also c o n t a i n s a
smoothed cross section of the dropsonde and aircraftmeasured wind speeds. In general, the strongest winds
are predominantly on the east side of the storm, where
the storm motion adds to the wind field. A strong
southwesterly jet east of the surface center, and centered at approximately 1500 m above sea level, reaches
speeds in excess of 70 m s_1. There is an easterly comp o n e n t of inferred tilt in the wind structure with
height, with a second maximum in wind speed clearly
appearing at the CV580 altitude of 6500 m on the east
side of the storm. Using the centers of the 1500and 6500-m wind maxima as reference points, the
easterly component of inferred tilt is 86° from vertical and is found to be very similar to the value of 82°
estimated earlier from Fig. 8. Overall, these observations indicate that the symmetry of the storm was no
longer aligned about a vertical axis, but was strongly
tilted/displaced in an a p p r o x i m a t e southwest-tonortheast direction with height.
Figure 11 shows the wind data collected f r o m
dropsonde 8 (1644-1700 UTC). The highest dropsonde winds recorded during the CV580 flight were
approximately 85 km southeast of the estimated storm
center in the hooked spiral band feature seen in the
satellite imagery (Fig. 3h). The data display a significant jet with winds exceeding 70 m s_1 from approximately 500 to 2000 m. The lowest measurement point
for the sonde was approximately 13 m, with the surface wind and pressure estimated to be approximately
44 m s"1 and 975 mb, respectively (J. Franklin 2001,
personal c o m m u n i c a t i o n ) . The increase of nearly

FIG. I I . Winds measured by dropsonde 8 launched at
42.6°N, 60.2°W into the region of most intense winds
measured during CV580 flight.

30 m s_1 from the surface to 500 m, followed by the
nearly constant winds for 1500 m, is suggestive of a
decoupling of the low-level winds over the near 16°C
cool ocean surface.
A cross section of equivalent potential temperature
( 0 ) is displayed in Fig. 10b on the same scale as
Fig. 10a. Overall, the highest values are found near the
estimated surface center (the warm core of the hurricane), which infer an easterly component of storm
tilt similar to that shown in the wind data. From the
center of the storm, and to the west, the 0 profiles
are generally stable, with the exception of some lowlevel convective instability below about 1000 m, particularly in the extreme western region outside the
main precipitation area (sondes 1 and 2). On the east
side of the storm is a band of low 0 air that slopes
upward to the east. This corresponds well with the
band of high winds in Fig. 10a and is collocated with
the dry air seen wrapping around the storm from the
west in water vapor imagery shown in Fig. 12.
Figure 13 displays three 0 profiles for Michael:
sondes 2, 7, and 10, corresponding to regions north-

FIG. 12. GOES water vapor image of Hurricane Michael
at 1702 UTC 19 Oct, closest to the time of dropsonde
10. The location of the dropsonde release is shown by
the white dot.
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west of the storm, near the center, and east of the center, respectively. Also shown is the mean 0 profile for
hurricanes described by Sheets (1969). Relatively low
values of 0 are generally observed away from the hurricane center, and the profiles do not suggest a quadrant symmetry, as was suggested by Sheets (1969) for
hurricanes in the Tropics. The differences in 0 between sondes 2 and 10 below 600 hPa suggest large
low-level thermal asymmetry. As a comparison, we
consider the cyclone phase-space concept of Hart
(2003) where the 9 0 0 - 6 0 0 - h P a relative
thickness
asymmetry parameter "5" is used as a measure of lowlevel storm asymmetry. Keeping in m i n d that the
warmer air mass corresponds to greater geopotential
t h i c k n e s s t h a n t h e cold air m a s s , we use t h e
geopotential height data from the 900-600-hPa layers of sondes 2 and 10 as an estimate for B. We determine a value of 18 m, which lies in the extratropical
transition regime of the cyclone phase-space concept
of Hart (2003). Comparison of the near-center profile to the mean hurricane profile in Fig. 13 reveals
that the elevated warm core of Michael reached similar 0 values and had similar characteristics to purely
tropical systems above about 700 hPa. The lower 0
values in the low-level convectively stable layer below
700 hPa are likely due to contact with the cool ocean
surface and entrainment of cool and dry air from the
environment outside of the storm. Relatively dry regions in the low levels in dropsonde relative humidity data (not shown) were found to persist across the
width of the storm, particularly on the northwest side,
even in regions with precipitation (e.g., between positions A and C in Fig. 7). Entrainment of dry air from
the baroclinic environment to the northwest, wrapping around the southern and eastern flanks of the
storm, is suggested by both the dropsonde relative
humidity data and satellite imagery. Dropsonde 10
sampled a relatively cloud-free and dry region associated with this large-scale entrainment of dry air.
This region is illustrated in the GOES water vapor
image of Fig. 12. During the period of aircraft observation, convection associated with Michael was dissipating and cloud tops were warming, suggesting that
the rapid reintensification period had ended. This
pattern is consistent with the conceptual structure and
cloud evolution of ET discussed by Klein et al. (2000).
Storm precipitation
and microphysics. T h e r a d a r
reflectivity of Fig. 10a provides an overview of the
large-scale characteristics of the cloud associated with
Hurricane Michael along the CV580 flight track. On
the west side of the storm, the cloud first appears as a
midlevel band between 6 and 8 km (Fig. 10a, point A).
AMERICAN METEOROLOGICAL SOCIETY

FIG. 13. Equivalent potential temperature profiles from
the northwest (dashed), center (solid black), and east
side (solid gray) of Hurricane Michael, compared to the
mean tropical hurricane profile of Sheets (1969).

A deep cloud with precipitation reaching the surface
was found to extend f r o m about 260 k m northwest
of the estimated center, to approximately 160 km east
of the estimated center. The cloud on the west side of
the storm reached a m a x i m u m height of approximately 11.5 km with a GOES IR cloud-top temperature m i n i m u m of about -58°C. On the east side of the
center, clouds generally reached between 6.0 and 9.5
km (approximately -10° to -40°C). Between 1700 and
1800 UTC, two areas of lightning, quite remote from
Michael, were observed by the ground detection network—one between Cape Breton Island and the south
coast of Newfoundland (more than 350 km from the
storm center), and the second in a line of convection
visible on satellite imagery more than 350 km to the
southeast of the center at 1700 U T C (see Fig. 3h).
O n b o a r d observers noted no lightning during the
CV580 flight.
In situ measurements of the cloud were made with
the CV580 aircraft, at altitudes varying between 6500
and 7000 m, and temperatures varying between - 9 °
and -19°C. The CV580 altitude appears in Fig. 10a
as a blank blind zone in the radar reflectivity around
the aircraft altitude due to the short-range limitations
of the radar. Figure 14 displays time histories of various parameters measured by the CV580 instrumentation along this track, with the same reference points
noted as in Figs. 7 and 10a. On the west side of the
storm (points A-C), the Rosemount ice detector ramp
voltage was flat and at a level that indicated no ice accretion, revealing that the cloud was likely entirely
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FIG. 14. Time histories of microphysical parameters across Hurricane Michael. The longitude scale is
the same as in Fig. 10. Reference points along the top axis are the same as those in Fig. 7.

glaciated here, and that the Nevzorov LWC and T W C
probe signals were due to ice particles. The Nevzorov
T W C probe sensor broke due to the high ice water
content (IWC) at approximately 61.4°W longitude,
but the LWC sensor remained intact. Korolev et al.
(1998b) and Cober et al. (2001) have described the
false response on the CV580 Nevzorov LWC probe
due to ice particles. In glaciated clouds, the IWC can
be estimated f r o m this false response (Strapp et al.
1999), which in this case was about 20% of the T W C
signal before the demise of the instrument. The IWC
estimate f r o m A - C in Fig. 14 is a smoothed 30-saverage reconstruction from this false LWC signal. A
broad area of high IWC is observed, reaching a maxim u m of approximately 1.5 g m~3 near the location of
the deepest cloud at approximately 61.3°W (Fig. 10a).
At the point of maximum IWC, the pilot was forced
to reduce altitude due to degradation of the aircraft
performance as a result of using both the engine and
a i r f r a m e ice p r o t e c t i o n a n d w a r m t e m p e r a t u r e
(Wolde et al. 2001). During this descent to 6500 m,
the I W C dropped, and continued to do so on approach to the center of the storm (point C).
The reflectivity data across this region (Fig. 10a)
show a horizontally aligned radar bright band with a
maximum value of approximately 36 dBZ within an
altitude range of approximately 3200 and 4000 m, a
few hundred meters below the 0°C isotherm as indicated by dropsonde data (not shown). The reflectivity
pattern below this band is an underestimation because
of attenuation. There is no evidence of strong embedded convection on the west side of the storm; the
reflectivity pattern is rather horizontally u n i f o r m

here, suggesting generally stratiform rainfall, and
there are no regions of liquid cloud or strong turbulence. Examination of the GOES satellite imagery sequence reveals that this broad area of cloud and precipitation was actually the remnant of an impulse of
strong convection (Fig. 3e) on the west side of Michael
f r o m 1200 to 1400 U T C , w h i c h f a n n e d o u t a n d
formed the spiraling band (Fig. 3g) that the CV580
passed through from 1600 to 1630 UTC.
The characteristics of the cloud on the east side of
the storm (tracks C - E , Fig. 7) were somewhat different. The Rosemount ice detector revealed small regions of supercooled liquid water. Because simple
calculations of the IWC from the Nevzorov LWC false
signal are not possible due to the presence of liquid,
and because the Nevzorov T W C wire was broken at
this point, it is necessary to estimate IWC by other
means. Figure 14 contains estimates of the IWC calculated from the Particle Measuring Systems (PMS)
t w o - d i m e n s i o n a l cloud particle (2DC) a n d twodimensional precipitation particle (2DP) imaging
spectrometers, using a mass-diameter relationship
given by Cunningham (1978). The estimate was produced f r o m particles larger t h a n 100 /im, due to
known inaccuracies in 2DC concentrations below that
size (Korolev et al. 1998a, Strapp et al. 2001). Owing
to the variability in particle crystal types and density,
mass estimates may vary by at least a factor of 2, depending on which mass-diameter relationships are
used (Korolev and Strapp 2002), and the PMS probe
IWC estimate is about a factor of 2 lower than the hotwire estimate here. However, the main purpose of this
trace is to illustrate the magnitudes of the estimated
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IWC on the east side of the storm relative to the west
side. In contrast to the broad, elevated IWC in glaciated cloud on the west side, the east-side cloud is composed of several narrow cells of elevated IWC correlated to the regions of higher reflectivity in Fig. 10a,
with some embedded liquid or mixed-phase regions.
In one region between 59.4° and 59.8°W, the cloud
is almost entirely liquid phase, with LWCs up to approximately 0.4 g n r 3 , a negligible ice particle mass,
and drizzle droplets up to approximately 250 jam in
diameter. These observations are consistent with the
existence of some embedded convection, although it
was not particularly strong or deep. Therefore, in general, the more significant precipitation area appears
in the deep cloud on the west-northwest side of the
storm (consistent with the well-known left-of-track
shift in precipitation during ET), and the east side of
the storm was characterized by cells of partially glaciated cloud, with occasional regions of embedded
liquid cloud.
There was a high concentration of ice particles in
the high-IWC region on the west side of the storm.
In this region, the raw 2DC concentration of particles
nominally larger than 25 /im, as calculated without
corrections and using the manufacturer's sample area
estimates, increased to a maximum of nearly 11 cm - 3 .
Due to known response problems below about 100 jum
for this probe, this is most likely an underestimate of
the true peak ice concentration (Baumgardner and
Korolev 1997; Korolev et al. 1998b; Strapp et al. 2001).
Such high concentrations are normally only associated with liquid droplets, but the flat Rosemount ice
detector ramp voltage reveals that there were at most
trace amounts of LWC in this cloud. It is difficult to
account for such high concentrations of ice particles
f r o m the expected activation of ice nuclei at flightlevel temperatures, and conditions were not favorable
for ice multiplication. Recalling that this precipitation
area was the remnant of an impulse of deep convection peaking approximately 2 h earlier, it is suggested
that the small ice particles originated f r o m earlier
homogeneous freezing of liquid cloud approximately
2.5 km above the aircraft, followed by the broad-scale
lowering of the cloud top observed in the satellite
sequence.
Figure 15 displays the average ice particle size
spectrum for the 10-min period at the center of the
IWC maximum identified in Fig. 14. The 2DC particle spectra are very steeply sloped, with concentrations continuing to rapidly increase below 100 jum,
implying that significant concentrations should be
visible within the forward scattering spectrometer
probe (FSSP) size range. It is recognized that the first
AMERICAN METEOROLOGICAL SOCIETY

f o u r c h a n n e l s of t h e 2 D C usually u n d e r s a m p l e
( B a u m g a r d n e r a n d Korolev 1997; Korolev et al.
1998a; Strapp et al. 2001). Here, the measurements
of the standard PMS FSSP ( 3 - 4 5 p m ) and the extended range FSSP (5-95 jLim) are also included. The
FSSP probe was designed to measure water droplets,
and its accuracy in measuring ice particles remains
unconfirmed, and, hence, must be viewed with significant caution (Gardiner and Hallett 1985; Field et
al. 2003), although Gayet et al. (1996) have presented
data suggesting that FSSP ice particle measurements
may be valid if ice particles are small and spherical.
It is evident from Fig. 15 that there are indeed difficulties with the FSSP measurements, as indicated by
the poor comparison of the two FSSP probes below
about 25 fim. However, it is interesting to note that
the FSSPs, although questionable, are consistent with
a hypothetical extrapolation of the 2DC down below
100 jllm. The persistence of high concentrations of
particles smaller than 100 jum leads to low median
mass diameter estimates. If the extended-range FSSP
data are used in a representative composite particle
spectrum for Fig. 15, the average concentration for
the 10-min period is 125 cm - 3 , and the median mass
diameter is only 183 jum. The average IWC from the
hot-wire measurements is estimated at 1.18 g n r 3 ,

FIG. 15. Average particle spectrum for a selected section defined in Fig. 14, in the broad area of high IWC
on the west side of the storm during the latter third of
track segments A - B shown in Fig. 7.
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p e r h a p s f o r t u i t o u s l y close to t h e e s t i m a t e of
0.96 g rrr 3 produced by integrating the particle spect r u m u s i n g m a s s - d i a m e t e r r e l a t i o n s h i p s of
Cunningham (1978).
The apparent high concentrations of small ice particles measured in Hurricane Michael are very similar to those observed near continental cumulonimbus
cores by Strapp et al. (1999), using a similar set of
instruments. Past microphysical measurements in
hurricanes by Black and Hallett (1986) and Bensemer
et al. (2002) have also revealed moderately high ice
concentrations, although not as high as those reported
here. The Black and Hallett measurements were made
in deep tropical clouds of a distinctly different nature
than those of this study. There are perhaps stronger
similarities to the present study in the measurements
of Bensemer et al. (2002), some of which were taken
at temperatures colder than -40°C, in that homogeneous nucleation may explain the high ice particle
number concentrations in both studies. The suggestion of concentrations of small ice particles in the
hundreds per cubic centimeter in Hurricane Michael
may have important implications to the understanding of the initiation of ice and the precipitation formation mechanisms in ET hurricanes, but further
work is required to investigate instrument performance under these high-IWC-glaciated conditions.
SUMMARY, C O N C L U S I O N S , A N D TARGETING OBJECTIVES FOR FIELD P R O G R A M S .
The first aircraft reconnaissance tasked specifically to
study a hurricane in extratropical transition (ET) was
successfully accomplished by the Canadian Convair
580 (CV580) research aircraft into Hurricane Michael
on 19 October 2000. Dropsonde, radar, and cloud in
situ microphysical measurements provided a wealth
of information on the temperature, wind, and cloud
structure, near the period of its maximum intensity
as the hurricane was translating rapidly northeastward, south of Newfoundland. A west-northwest to
east radar cross section passing about 10 km south of
the storm center revealed cloud tops about 11.5 km
west of the center, and 6.0-9.5 km east of the center.
The precipitation field surrounding Michael extended
to approximately 250 km northwest and 135 km east
of the storm center, consistent with the left-of-track
shift in precipitation typically observed during ET.
Strongest winds were found on the southeast side of
the s t o r m within the precipitation region, with a
strong southwesterly jet from 500 to 2000 m above sea
level, with winds in excess of 70 m s_1 approximately
85 km southeast of the storm center. Estimates of the
cloud-top circulation center revealed a significant

displacement of the surface low pressure center to the
southwest, corresponding to a southwest-to-northeast
"tilt" with a height in excess of 80° from vertical. A
similar tilt in the wind field was observed in the dropsonde wind speed and potential temperature cross
sections.
Dropsonde data indicated relatively dry low-level
layers, particularly on the northwest side of the storm,
even in areas of precipitation, and suggested that dry
air was being drawn into the storm. Within the strong
wind jet on the southeast side of the storm, equivalent potential temperatures ( 0 ) were similar to those
in the extratropical air mass, once again indicating
that this air was likely being entrained into the hurricane. In addition to the dropsonde data, further evidence of dry air wrapping around the storm was observed from satellite imagery of the GOES water vapor
channel. There were still relatively high values of 6
(> 333 K) in the storm center representing the warm
core of Michael. This region was narrowest near the
surface and spread outward in a conelike fashion with
increasing altitude.
The most extensive precipitation area was observed
to the northwest of the center, related to a broad area
of deep glaciated cloud with an ice water content
reaching 1.5 g n r 3 at flight altitude. The precipitation
in this region was horizontally uniform and stratiform
in nature, with no evidence of embedded convection.
This region was deduced to have originated from an
impulse of deep convective cloud directly west of the
storm center about 2 h earlier, which fanned out and
merged into a spiraling cloud region. East of the low
pressure center, cloud properties were more diverse,
with glaciated cloud, mixed phase, and even liquid
cloud with drizzle drops. These conditions were indicative of embedded convection, but this convection
was neither strong nor deep. No lightning was observed from the CV580 or the land-based detection
network near the center of Michael. The aircraft did
not sample the brightest and most convectiveappearing cloud to the north of the center.
Particle measurements in the broad region of high
ice water content on the west side of the storm suggested that very high concentrations of small ice particles were present. These concentrations are similar
to those that have been previously observed close to
the center of the continental cumulonimbus, and are
much higher than would be expected from natural ice
nucleation and the ice multiplication mechanism active under these conditions. It was suggested that such
c o n c e n t r a t i o n s could result f r o m h o m o g e n e o u s
nucleation of liquid cloud droplets at higher altitudes
during the earlier impulse of deep convection that
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formed the cloud area. The measurements may have
important implications to the production of ice particles in these clouds, and the precipitation formation
mechanisms during ET. It is not clear, however, how
this region of exceptionally high IWC might affect
precipitation efficiency in the storm.
The CV580 investigation of Michael was intended
as an exploratory mission to evaluate the suitability
of the aircraft for future studies of ET. Wolde et al.
(2001) have suggested that the CV580 aircraft can be
operated safely in hurricanes north of 40° latitude, assuming that Michael is a good example of such. In
spite of the limited range and endurance of the aircraft relative to other hurricane reconnaissance operations, the CV580 has provided valuable data from
near-land systems in the years following the Michael
mission, including Tropical Storm Karen south of
Nova Scotia in October 2001, the remnants of Hurricane Isabel over southern Ontario, and Hurricane Juan
near Halifax, Nova Scotia, Canada, in September 2003.
Some problems and limitations encountered during the Michael flight related to instrumentation and
flight p e r f o r m a n c e are being addressed for f u t u r e
missions, including better flight planning to optimize
the limited flight duration of the aircraft, more robust
instruments for T W C measurements, new instruments to help investigate the peculiar observation of
high ice n u m b e r c o n c e n t r a t i o n , discussions with
dropsonde experts to reduce data loss, and real-time
transmission of dropsonde data to the Canadian Hurricane Center.
More aircraft field investigations are planned as
part of the Search and Rescue (SAR) Secretariat of
Canada funding to benefit ET research, forecasting,
and public awareness. Some of the issues to be targeted in this project and future work on data f r o m
Hurricane Michael are summarized below.
•

It has been observed in previous studies of ET that
remnants of the warm tropical cyclone core can
persist for several days after transition (e.g. Browning and Vaughan 1998). How often is this the case?
• There was a low-level stable layer over the ocean
in Hurricane Michael as was indicated by very
large vertical gradients in wind speed. This was also
observed in our flight into Tropical Storm Karen
in 2001. Does the presence of this stable layer suggest that the transitioning tropical cyclone circulation in the troposphere has been decoupled from
the atmospheric boundary layer?
• What is the role of the reduction in ocean surface
fluxes, and changes in the boundary layer, on overall storm intensity and wind speed at the surface?
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•

What is the role of surface fluxes and convection
during different stages of ET?
• What do the cloud microphysical measurements
and radar data tell us about cloud processes and
rainfall production during ET?
• How does the core of the storm change during ET
in response to increasing tropospheric shear? To
what degree is the core being tilted or decoupled
during the process?
• What is the nature of the deep layer of strong, lowtropospheric winds observed on the eastern side
of these storms? In the case of Michael, to what degree does this feature resemble a prefrontal jet typically observed in midlatitude cyclones?
Datasets collected from these experiments are required to initialize and validate simulations of ET
made with atmospheric and coupled atmosphericoceanographic models. One of the major problems
with forecasting Hurricane Michael was that some numerical models were favoring the development of the
baroclinic low pressure off of the coast of Nova Scotia
at the expense of Hurricane Michael. In reality, the
hurricane remained the primary low pressure center.
Research is underway to use the data collected from
the field program to initialize and assess atmospheric
models of ET and to eventually couple with ocean
models. W e wish to simulate, for example, changes
in the storm crossing the Gulf Stream into cold waters. An improved understanding of the structural
changes and impacts during the transition from tropical to extratropical will contribute to the development
of improved conceptual and numerical models that
will enable weather forecasters to better anticipate
changes, and improve warnings associated with ET.
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THE LIFE CYCLES OF
EXTRATROPICAL CYCLONES

Edited by Melvyn A. Shapiro and Sigbjorn Gronas
Containing expanded versions of the invited papers presented at the International Symposium on the Life
Cycles of Extratropical Cyclones, held in Bergen, Norway, 27 J u n e - 1 July 1994, this monograph will be
of interest to historians of meteorology, researchers, and forecasters. The symposium coincided with the
75th anniversary of the introduction of Jack B j e r k n e s ' s frontal-cyclone model presented in his seminal
article, "On the Structure of Moving Cyclones." The monograph's content ranges from a historical overview
of extratropical cyclone research and forecasting f r o m the early eighteenth century into the mid-twentieth
century, to a presentations and reviews of contemporary research on the theory, observations, analysis,
diagnosis, and prediction of extratropical cyclones. T h e material is appropriate for teaching courses in
advanced undergraduate and graduate meteorology.
The Life Cycles of Extratropical
Cyclones is a v a i l a b l e for $ 7 0 l i s t / $ 5 0 m e m b e r s . Prices include s h i p p i n g a n d
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