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Abstract 
 

 Many tropical storms that form in the Atlantic Ocean migrate into the mid-
latitudes after they move into the prevailing westerly flow north of ~35oN.  Some 
tropical cyclones (TCs) simply weaken (spin down) over cooler water or over land, 
while many of these storms undergo a process known as extratropical transition 
(ET) whereby the TC evolves into an extratropical cyclone.  Primarily 
thermodynamic processes through latent heat release in cumulus clouds provide 
energy for a TC over the warm tropical ocean waters.  When the TC undergoes 
ET, the release of available potential energy through baroclinic instability 
processes begin to govern the cyclones’ energetics much like a typical mid-latitude 
cyclone.  To conduct computer modeling and simulations of this process, variables 
from both the atmosphere and ocean are needed to develop a picture of the 
cyclone’s transition.   
 
 The main objective of this project is to determine the influence of sea 
surface temperatures (SSTs) on TCs undergoing ET.  We wish to answer the 
following questions: (1) What is the influence of pre-existing SSTs on the cyclone 
intensity and wind field?  (2) Does the storm-induced SST change have an impact 
on the storm?  (3) Do SSTs have any effect on the onset/duration of ET?  We use 
an atmospheric and oceanic model to study the ET of particular historic events into 
the mid-latitudes such as Hurricane Michael of 2000 and Hurricane Juan of 2003.  
The ocean model is known as FLAME (Family of Linked Atlantic Model 
Experiments), and covers the entire North Atlantic Ocean basin.  The atmospheric 
model is the MC2 (Mesoscale Compressible Community) model.   
 
 . 
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1. Introduction 
 
The majority of tropical cyclones (TCs) moving into the mid-latitudes undergo 

extratropical transition (ET) (Hart and Evans 2001).  This process will be the 
underlying concept of the storms we are studying here.  There is no commonly 
accepted definition of ET, but the operational definition (taken from Jones et al. 
2003) is: “In satellite imagery, indications of ET are a decrease in deep convection, 
the disappearance of the high-cloud canopy of a tropical cyclone, the exposure of 
the low-level circulation center, and the appearance of a comma-shaped cloud 
pattern or frontal structure.  Further indications include an increase in the radius of 
gale force winds, asymmetries in the wind and precipitation fields, and a decrease 
in sea surface temperature beneath the tropical cyclone.”  Figure 1 shows a 
schematic of a TC in mid-transition with associated weather.   

 
A recently developed objective definition of ET has been proposed using a 

cyclone phase space scheme described by Hart (2003).  The concept of the 
scheme is based on the fact that TCs are primarily symmetric, warm core systems 
whereas ECs are primarily asymmetric, cold core systems.  Geopotential height 
data are used to compute the thickness asymmetry by bisecting the storm along its 
axis of motion into two sectors.  If the storm is predominantly tropical in nature, the 
difference in mean geopotential thickness between the two sectors is small 
(typically between +10 m and -10 m).  As the TC undergoes ET, the difference in 
thickness between the sectors increases.  This difference is a measure of the lower 
tropospheric temperature gradient across the storm (called thickness symmetry) 
and is often manifested by the formation of warm and cold fronts in satellite 
imagery.    When the geopotential wind in the 900 to 600 hPa layer switches from 
decreasing-with-height (anticyclonic thermal wind) to increasing-with-height 
(cyclonic thermal wind) over the region of the storm (500 km radius), the cyclone is 
said to be cold core.   When the thickness symmetry exceeds 10 m, the cyclone 
has begun ET.  When the thermal wind criterion is met, ET is complete as shown in 
Fig. 2a for Hurricane Michael in 2000.  There are some cases, as in Hurricane 
Juan in 2003 (see Fig. 2b) where the thermal wind criterion is met before B equals 
10, and this indicates that the ET occurred quickly.   

 
The cyclone phase diagrams (Fig. 2) for Hurricane Michael in 2000 and 

Hurricane Juan in 2003 represent two very different types of ET based on the 
criteria above and the phase trajectories shown in the figure.  Hurricane Juan 
moved quickly from the symmetric warm core region to the asymmetric cold core 
region almost through the intersection of the two criteria, denoting rapid ET.  
Hurricane Michael was a more complex system, originally moving into the 
asymmetric warm core region then to symmetric warm core then back to 
asymmetric warm core (the ET phase) and then into the asymmetric cold core 
regime on 20 October 2000 denoting the end of ET.  Hurricane Michael was 
intensifying during ET while Juan was weakening.  These events will be used as 
case studies in this project where we will compare and contrast the ocean’s 
influence on each.   
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Scientific research into ET has undergone significant growth since the latter 

part of the 1990s.    Up until then, most of the early research was focused on 
classic observation-based case studies such as Palmen (1958) on Hurricane Hazel 
in 1954, DiMego and Bosart (1982) on Tropical Storm Agnes in 1972 and Bosart 
and Lackman (1995) on Hurricane David in 1979.   Some of the early work to more 
broadly document and define ET was done by Matano and Sekioka (1971) and by 
Brand and Guard (1979) over the Northwest Pacific Ocean.  Foley and Hanstrum 
(1994) constructed a climatology of ET off the west coast of Australia. Hart and 
Evans (2001) constructed a climatology of ET for the North Atlantic Ocean and 
affected coastal regions including the Eastern United States, Canada and Western 
Europe.  To provide an idea of the spatial and temporal distribution of ET, Fig. 3 
shows all the tracks of extratropically transitioning storms in the North Atlantic (Hart 
and Evans, 2001).  In 1998, as a result of renewed interest in studying ET, the first 
annual International Workshop on Extratropical Transition was held in Kaufbeuren, 
Germany in 1998.  Following the meeting, Jones et al. (2003) compiled a report 
highlighting ET as a significant weather forecasting challenge and recommended 
future directions for research. 

 
Numerical simulations of ET are now becoming very popular in addition to 

several observational studies.  Frank and Ritchie (1999) performed experiments to 
study the developing asymmetries of rainfall (typical during ET) owing to shear in 
the large scale ambient environment using the Pennsylvania State Mesoscale 
Model version 5 (MM5) described in Anthes et al. (1987).  Idealized simulations of 
TCs experiencing wind shear in the extratropics were conducted by Ritchie and 
Elsberry (1999) using the uncoupled version of the U.S. Navy Coupled Ocean-
Atmosphere Model Prediction System (COAMPS) (see Hodur, 1997).  This is an 
example from the early days of numerical simulations of ET.  The conceptual 
model of Klein et al. (2000) formed the framework for additional experiments of ET 
in the Northwest Pacific by Ritchie and Elsberry (2001) where they successfully 
simulate characteristic features such as the development of fronts, the downshear 
shift in rainfall and the erosion of convection on the equatorward side of the TC 
during ET owing to forced subsidence and dry air intrusion from the mid-latitude 
airmass.  Other numerical studies include the investigation of mid-latitude flow 
characteristics such as baroclinic troughs on the reintensification of a TC during ET 
(e.g. McTaggart-Cowan et al., 2001 and Klein et al., 2002).   

 
Much is known about the role of the ocean on purely tropical cyclones but less 

is known about the ocean’s influence on ET cyclones.  Schade and Emanuel 
(1999) demonstrated that there is a negative sea surface temperature (SST) 
feedback on the TC in cases where the storm moves slowly over a rather shallow 
oceanic mixed layer (ML) with steep temperature lapse rates in the thermocline.  
Schade (2000) states that the effect of SST on the intensity of TCs can be 
separated into two distinct contributions: one from the large-scale SST field and 
another from the local reduction of SST under the eye of the cyclone as 
demonstrated by Chang and Anthes (1978), Price (1981) and Greatbatch (1985).  
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For a rapidly-moving ET cyclone, it is speculated that the pre-existing large-scale 
atmosphere and SST field plays a bigger role in changes in cyclone 
thermodynamics than does the local change in SST as a result of wind mixing by 
the storm.  For example, warm ocean western boundary currents (with associated 
SST gradients, diabatic heat source, and atmospheric baroclinicity) favour the 
existence of storm tracks (Hoskins and Valdes, 1990) and cyclogenesis, and could 
play a role in the behavior of ET.  Very little work has been done on the sensitivity 
of ET to various oceanic conditions (e.g. SSTs and ML depths) except for Ritchie 
and Elsberry’s (2001) idealized simulations using different patterns of SST 
gradients. Furthermore, Perrie et al. (2004) have recently investigated two-way 
numerical modeling of atmosphere-ocean interaction during ET.  We would like to 
develop a framework that would allow us to test (a) the influence of preexisting 
SST on ET and, (b) whether storm-induced changes in SST have any impact on 
the storm.  What we do know is that two-way coupling of atmosphere and ocean 
models is important in understanding TC intensity change. 

 
Data collection is an important aspect of our research and is essential in the 

validation of the models.  The Meteorological Service of Canada has been active in 
the collection of data from aircraft missions into several extratropically-transitioning 
storms since 2000 using the National Research Council Convair-580 aircraft.  Data 
from Hurricane Michael in October, 2000 is presented in Abraham et al. (2004) 
which was the first flight into an ET storm for research purposes.  Data from this 
and other storms (Tropical Storm Karen in 2001, Tropical Storm Isabel in 2003 and 
Hurricane Juan in 2003) are used to improve our understanding of what TCs look 
like when they undergo ET.  Observations show that high degrees of asymmetry 
develop in the wind and precipitation field, and there appears to be decoupling of 
the warm core of the TC from the marine atmospheric boundary layer during some 
transitioning storms like Tropical Storm Karen over Nova Scotia in October 2001.  
An example of the decoupling in Karen is shown in Fig. 4. A sequence of ten 
dropsondes shown in Fig. 4a were used to construct the cross section of 
equivalent potential temperature (θe) in Fig. 4b.  The dome of low θe near the 
surface low pressure position lies beneath the warm core (high θe) of the storm 
aloft. This pattern shows a strong decoupling of the warm core above the 
atmospheric boundary layer which typically leads to lighter wind speeds at the 
ocean surface and reduction in sensible and latent heat fluxes that fuel the storm.   

 
More field studies are planned in 2004 including oceanic data from airborne 

expendable bathythermographs (AXBTs) that will provide information on SSTs, ML 
depth and subsurface temperature distribution before and after the passage of the 
storm.   

 
 

2. Motivation 
 

The motivation for this research was sparked during the 2003 hurricane season 
when Hurricane Juan devastated Nova Scotia, Canada.    The intensity of Juan 
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was much stronger than most tropical systems making landfall in Canada.  It is 
speculated that the warmer than normal SSTs south of Nova Scotia played a role 
in the storm’s intensity.  SSTs were around 18oC along the storm track resulting in 
slow weakening.  However, the rate of weakening was likely less than if the SSTs 
were their normal 15oC for that region.  Also, with warmer SSTs the onset of 
atmosphere-ocean decoupling (seen in other ET storms like Karen in 2001) may 
be delayed with the consequence being stronger winds near the surface (for a 
longer period of time) and a potential delay in the onset of ET.  A combination of 
the slow decay rate of Hurricane Juan and the enhanced winds owing to the 
storm’s rapid translational speed resulted in a severe windstorm crossing Nova 
Scotia.  With the severe winds came considerable damage such as millions of 
uprooted trees, devastation of city parks and structural failure of buildings including 
loss of roofs.  A significant storm surge also accompanied the hurricane with 
considerable coastal damage.  

 
Operational weather predictions were generally good during Hurricane Juan, 

owing to staff experience in the behavior, forecasting and impact of tropical storms.  
However, forecasters were not expecting a category-two hurricane (maximum 
sustained one-minute mean winds of 43 m s-1) at landfall. Numerical weather 
models did a poor job forecasting Juan, generally due to a lack of data to initialize 
them.  A lot remains to be learned about the behavior of hurricanes undergoing ET 
in the mid-latitudes.  Forecasts have been problematic with other storms as well 
(e.g. Tropical Storm Karen 2001), which weakened much more quickly than 
expected.  Aircraft data from that case confirmed a strong atmosphere-ocean 
decoupling whereby cool air flooded into the boundary layer of the storm center 
consequently reducing wind speeds and air-sea fluxes.  We need to develop a 
better understanding of what the role of the ocean is on these storms.   In some 
instances, perhaps the ocean does not play a significant role.  To answer some of 
these questions, an atmosphere-ocean modeling system will help provide a 
framework to study this problem.  Results from research should help improve 
forecasts and the models could one day be integrated into forecast operations.    

 
 
3. Atmospheric modeling of hurricanes and ET 

 
One of the biggest challenges in simulating TCs is finding a way to initialize the 

model.  Tropical storms and hurricanes occur over the ocean where direct 
observations are sparse, which poses a problem for the model initialization.  
Aircraft reconnaissance and weather satellites are often the only source of data 
from the storm that can be used for initial conditions in the model.  Another means 
by which to initialize the atmospheric model is by “vortex specification” or “vortex 
bogussing” which involves inserting a synthetic hurricane vortex into the model as 
described by Kurihara et al. (1993).  The analyzed large-scale flow pattern of the 
model may only contain a weak representation of the storm (e.g. a few closed sea 
level pressure contours).  This unrealistically weak cyclone is removed from the 
analysis and replaced by the “bogus” vortex, which is generated by the time 
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integration of an axisymmetric version of the hurricane model and allowed to spin 
up to a “target state” that is a realistic estimate of the cyclone’s intensity.  The 
target intensity may be estimated by satellite techniques such as Dvorak (1975) or 
from scatterometer data (Kidder et al. 2000).    The popular Geophysical Fluid 
Dynamics Laboratory (GFDL) hurricane model employs the bogus vortex scheme 
as described in Kurihara et al. (1995).   

 
Numerical simulations of ET have been conducted by several researchers in 

recent years using various models with different degrees of complexity.  Some of 
the original work on ET modeling was performed using the atmosphere-only 
component of the COAMPS model and the Pennsylvania State University MM5 
model.  Frank and Ritchie (1999) applied the MM5 for TC/environment flow 
interaction using nested grids where a large outer grid resolved the large-scale flow 
field and a fine inner grid resolved the TC vortex.  They considered idealized 
simulations on an f-plane using a steady-state symmetric TC vortex with tropical 
depression intensity (maximum sustained surface wind speed of 15 m s-1) and 
various ambient wind flow regimes were introduced around the cyclone to study 
the impacts.  In a later study Ritchie and Elsberry (2001) employed the COAMPS 
model with interactive nested grids consisting of a 45-km outer domain and 15-km 
storm-resolving inner domain.  As in the MM5 simulations, a steady-state TC was 
created, then introduced into environmental flow regimes produced from the 
compositing study of Klein et. al. (2000).  Model-generated moisture fields were 
compared with typical cloud patterns during the ET life cycle.   

 
Huricane Earl of 1998 formed the basis of studies by McTaggart-Cowan et al. 

(2001) where potential vorticity (PV) dynamics were used to run sensitivity 
experiments using the Mesoscale Compressible Community (MC2) model 
described by Benoit et al. (2000).  Initial conditions were modified using a 
piecewise PV inversion scheme developed by Davis (1992) to remove the effects 
of a mid-latitude trough and the dynamical effect of the hurricane on the storm 
evolution. The basic conclusion of that work is that the mid-latitude trough was key 
in the reintensification of Earl but the moist core of the hurricane remnants also 
aided in the magnitude of the reintensification.  Ensemble modeling using the 
eight-member Canadian Meteorological Centre forecast system was used by Ma et 
al. (2003) to study the interaction of PV anomalies between the remnant hurricane 
and upper-level trough.  Members that had the best representation of the upper- 
and lower-level PV anomalies yielded the deepest sea level pressures for the 
reintensified storm.    

 
The MC2 model has reasonable skill in simulating ET events using nested grid 

configurations with the finest grid over the region of the storm (McTaggart-Cowan 
et al., 2003).  The model has been used by Perrie et al. (2004) to couple with the 
Princeton Ocean Model (POM) (Mellor 1998) to specifically study sea spray 
impacts on ET and other intense marine cyclones.  Hurricane Juan in September 
2003 was another case simulated using the MC2 by McTaggart-Cowan 
(unpublished work) at the end of 2003.  Because of the problems with model 
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initialization, McTaggart-Cowan adopted the Kurihara et al. (1993) scheme to insert 
a vortex into the MC2 model.  The resulting simulation was a drastic improvement 
over the operational run of the model, as we will show in section 7.     

   
 

4. Coupled atmosphere-ocean modeling of hurricanes and ET 
 

In this section we provide a summary of past and present research of coupled 
atmosphere-ocean modeling of hurricanes and ET, with brief descriptions of 
various methodologies that are used to conduct the research. 

 
The coupling of atmosphere and ocean models to study hurricane intensity has 

been accomplished, for example, by Schade and Emanuel (1999) using an 
axisymmetric hurricane model described in Emanuel (1989) and a simple oceanic 
ML model.  The hurricane model is in both gradient-wind and hydrostatic balance 
consisting of a boundary layer and two tropospheric layers.  The storm is first spun 
up over several days to attain a steady state (where there is no further deepening).  
The turbulent exchange of momentum, heat and moisture between atmosphere 
and ocean is parameterized using bulk aerodynamic drag laws with a wind speed-
dependent drag coefficient for computing wind stress. The ocean model has three 
active layers: a thin well-mixed layer on top of a strongly stratified layer and a deep 
abyssal layer.  The storm-relative wind field and the storm translation vector are 
added to produce an asymmetric wind field that is then converted to wind stress, 
which is used to force the ocean model.  The SST changes due to the storm as 
described in section 5 are transferred back to the atmospheric model every time 
step (5-12 minutes).   

 
More detailed coupling of atmosphere and ocean to study TC intensity was 

conducted by Bender and Ginis (2000).  The triply-nested moveable mesh of the 
GFDL hurricane model (Kurihara et al. 1998) was coupled with POM containing a 
horizontal grid spacing of 1/6o uniform resolution corresponding to the fine inner 
mesh of the atmospheric model.  The initialization procedure for the TC is 
described by Kurihara et. al (1995) whereby an axisymmetric version of the GFDL 
model is used to “build” the TC to a state similar to that estimated by the National 
Hurricane Center real time data.  The ocean model uses the vertical turbulent 
mixing scheme described by Mellor and Yamada (1982).  It is important to have 
good representation of mixing in the upper ocean because this dictates how much 
SST cooling will occur.  Detailed ocean bathymetry is also used in their model 
system.  Initialization of the ocean model is done using a combination of real time 
SST data and climatology for subsurface temperature and salinity.  The model is 
spun up for one month in diagnostic mode whereby temperature and salinity are 
specified by climatology (and fixed) while the velocity field is allowed to evolve 
without surface forcing.  This is followed by a three-month prognostic run where 
temperature and salinity is fixed at the sea surface and wind stress forcing from the 
Comprehensive Ocean-Atmosphere Data Set (COADS) was applied.  Assimilation 
of real time National Center for Environmental Prediction (NCEP) SST data is then 
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performed by replacing the climatology temperature at the surface with the SST 
data followed by a ten-day prognostic run to allow for dynamical adjustment.  
During the adjustment period the NCEP SST is kept constant and the COADS wind 
stress is applied. Results from various experiments show significant reduction in 
hurricane intensity forecast errors for select storms when using the coupled system 
and using high resolution SST analyses that resolve the cold wakes of earlier 
storms.      

    
Emanuel et al. (2004) study storm/SST feedback using a mixed layer ocean 

model.  Their Coupled Hurricane Intensity Prediction System (CHIPS) employs an 
axisymmetric atmospheric model described by Emanuel (1989) and a simple 
ocean ML with a finite jump in temperature at the base of the ML and a linear 
decrease in temperature below the ML.  Velocity is constant everywhere in the ML 
and is zero everywhere below it.  The ocean model is essentially a set of one-
dimensional ocean columns along the storm track.  Only the change in SST under 
the eyewall is used to feed back into the storm to reduce computation time.  
Coupling of the axisymmetric atmospheric model with Cooper and Thompson’s 
(1989) three-dimensional ocean model showed virtually no difference in the storm’s 
intensity when compared with the CHIPS system.  The model hurricane is 
constructed from a synthetic vortex that is spun up to a state close to the estimated 
intensity of the hurricane.  This is accomplished by varying the rate of low-entropy 
air injected into the mid levels of the storm core.  The idea is to nudge the model 
intensity toward observed intensity during the storm history, up until the current 
time, then let the model run on its own to produce the forecast.  This procedure is 
necessary to obtain a realistic storm water vapour distribution.   The climatological 
ocean data from Levitus (1982) is used to construct the simple ocean vertical 
structure that is then modified using remotely sensed sea surface altimetry 
measurements as a proxy for ocean thermal structure using an algorithm 
developed by Shay et al. (2000).    

 
  Coupled atmosphere-ocean modeling of intense winter storms and ET is being 

investigated by Perrie et al. (2004) in the context of sea spray to determine 
possible impacts on storm intensity and atmospheric boundary layer dynamics.  
The MC2 model (Benoit et al. 2000) is used to simulate the atmosphere and the 
POM (Mellor 1998) to simulate the ocean.  The Andreas and DeCosmo (2002) sea 
spray scheme is used in the coupling procedure which is performed by a simple 
passing of variables between the ocean and atmosphere which contain identical 
grid configurations (1/6 degree in the fine mesh).  In addition to studying the 
influence of sea spray, Perrie’s research group studied reintensification during the 
ET of Hurricane Earl both with and without coupling.  They showed that there was 
a large area of SST cooling well to the right of the storm track when it deepened 
explosively over eastern Newfoundland.  There was also significant cooling over 
the Scotian Shelf south of Nova Scotia in the wake of the storm due to strong and 
cool northerly winds in the storm’s wake.  The effect of wind stress coupling to the 
POM and associated SST cooling (mechanism discussed in the next section) is to 
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reduce atmospheric boundary layer temperatures by as much as 3oC and 10-metre 
wind speeds by 1-2 m s-1 owing to increased stability.     

 
 

 
5. Ocean temperature response induced by a moving storm 

 
When a hurricane moves over the ocean, strong winds bring cooler waters to 

the surface via entrainment from mixing and upwelling of the thermocline.  These 
are the dominant processes dictating SST cooling.  The lowering of SSTs can have 
a negative impact on the intensity of the hurricane (Bender and Ginis, 2000) by 
reducing latent and sensible heat fluxes that are critical to the energetics of the 
storm.  Various authors have investigated the ocean response to a moving storm 
(Chang and Anthes 1978, Price 1981, and Greatbatch 1983, 1984, 1985).  Their 
numerical simulations confirmed observations (Price 1981, hereafter P81) that 
during the passage of the storm, a cold SST wake appears and is typically 
strongest to the right of the storm track.  The maximum cooling is not located 
beneath the eye of the storm (even with symmetric wind forcing) as one might 
expect.  In the ocean frame of reference, the wind-stress vector turns clockwise in 
time on the right side of the track and anticlockwise on the left side.  For typical 
hurricane dimensions and translation speeds, the rate of turning of the stress 
vector on the right side is comparable to the turning rate of an inertial motion.  
Hence there is a near-resonant coupling of the wind stress and the wind-driven 
near-inertial rotating ML velocity resulting in stronger currents and enhanced cool-
water entrainment from mixing to the right of the storm track.  In addition, the water 
parcels to the right of the track move with the storm while they move opposite to 
the storm motion on the left.  Therefore, parcels on the right “feel” the wind for a 
longer time.  The amount of cooling is a strong function of storm translation speed, 
original ML depth and temperature lapse rate in the thermocline.  P81 investigated 
the impact of maximum SST cooling perpendicular to the storm (eye) track as a 
function of storm speed.  The results are shown in Fig. 5.  For fast-moving storms, 
the maximum cooling is smaller than for slow-moving storms. The location of 
maximum cooling is closer to the track for slow-moving storms and almost directly 
along the track for a storm moving at speeds les than 2 m s-1.  The magnitude of 
cooling was shown to be between 1oC and 6oC, which is consistent with 
observations.    

 
The ML depth beneath the storm changes in response to turbulent mixing due 

to wind action at the surface and by Ekman-induced upwelling as a result of the 
cyclonic wind stress field acting on the ML.  The ML depth shallows directly behind 
the storm due to upwelling there, but thickens over large regions away from the 
storm center on both sides of the track by downward mixing of warmer ML waters.  
Figure 6 shows the pattern of ML depth as determined by the model of Chang and 
Anthes (1978) (hereafter CA78) which has effects of entrainment and upwelling in 
the model physics. The ocean was driven by radially symmetric storm forcing.  Well 
behind the storm, there are upwelling and downwelling maxima with an inertial 
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wavelength given by 2πU/f where U is the storm translation speed and f is the 
Coriolis parameter.  In the downwelling regions, the ML depth is generally deeper 
everywhere along a perpendicular to the storm track compared to the original 
depth.     

 
When a storm begins to undergo ET, large asymmetries develop in the wind 

field.  The most obvious asymmetry is associated with the rapid acceleration of the 
system, which enhances wind (thus wind stress) on the right hand side of the track.  
CA78 and Greatbatch (1983) introduced an asymmetry factor to the wind stress 
forcing and concluded that there is a small increase in asymmetry in the ocean 
response.  That is, slightly more rightward biasing in the SST-cooling and ocean 
currents.   There is also a slight increase in cooling owing to the higher wind 
speeds associated with translational motion of the storm contributing to the 
asymmetry.   

 
There can also be sea surface cooling/warming by sensible and latent heat 

fluxes, which become more important in the case of large air-sea temperature 
contrasts (as in the cold air outbreaks behind storms).  Surface heat fluxes near 
the core of TCs generally account for only a small fraction (10-15%) of SST cooling 
(P81).   

 
 
 

6. Summary of research to date  
 

Most of our work to date has involved working with the “z-level” FLAME ocean 
model (Family of Linked Atlantic Model Experiments).  This free surface, primitive 
equations model is based on the GFDL MOM (Modular Ocean Model) code 
(Pacanowski, 1995).  The model domain spans the Atlantic Ocean between 18oS 
and 70oN, has a horizontal resolution of 1/3ocosφ (where φ is latitude) and 45 
levels in the vertical (5, 15, 26, 37, 49, 62 metres and so on).  The time step used 
is 20 minutes.    An eddy kinetic energy parameterization for vertical mixing is used 
following Gaspar et al. (1990).  Topographic data are from the ETOPO5 (1988) 
dataset.  Climatological hydrographic data are from Boyer and Levitus (1997).  
Monthly mean wind stress forcing and surface heat flux data are derived from the 
European Centre for Medium-Range Weather Forecasting (ECMWF) database 
(see Barnier et al. 1995).   Surface restoring boundary conditions on temperature 
and salinity (e.g. the “virtual salt flux” of Huang (1993)) are also prescribed to 
prevent the ocean state from drifting too far from climatology for long period 
(several months) simulations.   

 
6.1  Symmetric storm forcing 

 
Specified hurricane-like wind stress forcing has been used to drive the FLAME 

ocean model, in what we will hereafter refer to as the “FLAME” experiments.  The 
formulation for wind stress follows that of CA78 that is a symmetric Rankine vortex 
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as shown by the red profile in Fig. 7.  An idealized case using this profile was run 
initially to test the mixing scheme of FLAME and its ability to produce results similar 
to those of CA78 and P81.  Storm forcing was prescribed somewhat differently by 
P81 who constructed a horizontal wind profile from time series of wind data at a 
buoy that was directly in the path of Hurricane Eloise in 1975 in the Gulf of Mexico.  
The radius of the P81 storm was somewhat larger than in the CA78 / FLAME 
simulations, but the magnitude of maximum wind stress was comparable.  The 
translation speed of the prescribed wind stress vortex was 5 m s-1 for CA78 and 
FLAME but 8.5 m s-1 for the P81 Eloise case.    

 
The ocean model configurations and initial conditions were different for each of 

the experiments introduced above.  FLAME consists of 45 levels in the vertical, 
CA78 used a 1½-layer ML model and P81 used a 3½-layer model.  Initial 
conditions for temperature (T) and salinity (S) used in the FLAME model are shown 
in Fig. 8 for the upper 17 levels showing ML and thermocline.  The same profiles 
are assigned at every grid point, and the ocean is at a state of rest at the beginning 
of the integration.  These profiles are based on late summer climatological 
conditions near 41oN, 63oW, that is south of the continental shelf off Nova Scotia.  
The choice of these data is somewhat arbitrary, but is a realistic representation of 
stratification in the part of the ocean we are interested in studying.  The 
stratification used in the P81 simulation is similar to the FLAME profile (ML depth of 
30 m and lapse rate of ~ -0.125o m-1 in the thermocline) assigned to all grid points 
initially.  CA78 prescribed a 10-degree Celsius temperature drop across the base 
of the ML, located 50 m below the surface, everywhere in the model domain.  
Salinity was not considered in CA78.   

 
Each of the studies used different vertical mixing parameterizations.  In FLAME, 

the turbulent kinetic energy (TKE) closure scheme of Gaspar et. al (1990) is 
employed.  Turbulent vertical fluxes are parameterized using the classical concept 
of eddy diffusivity. For example,  

 
                                             zTKwT h ∂∂=− /''                                               (1) 

where 
 
                                                                                                        (2) 2/1elcK kkh =
and 
 
                                                                                             (3) )'''(5.0 222 wvue ++=
 
Primed quantities are perturbations of temperature (T) and velocity (u,v,w), over 
bars denote time-means, Kh is the eddy diffusivity which is a function of a constant 
ck , mixing length is lk and TKE is given by e.  By contrast, mixed layer deepening 
in the work of P81 is represented using an entrainment model based on a bulk 
Richardson number.  Data were collected from laboratory experiments by Price 
(1979) based on the stress-driven entrainment experiments of Kato and Phillips 
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(1969) and Kantha et al. (1978) and were used to calibrate the mixing 
parameterization.  CA78 used the turbulent entrainment scheme of Tennekes 
(1973) where entrainment is proportional to u*3 where u* is the (local) friction 
velocity associated with the surface wind stress and inversely proportional to the 
depth of the ML and the density difference across the base of the ML. 

      
We now describe some results from the FLAME model compared with the 

results of CA78 and P81.  Figure 9 shows the change in SST from CA78 and 
FLAME to a steadily translating symmetric hurricane vortex moving northward at a 
constant speed of 5 m s-1.  Note that CA78 used an f-plane valid at 31oN.  The 
general pattern agrees well.  Note the rightward bias in SST cooling, lending 
evidence to the ability of the TKE mixing scheme in FLAME to produce asymmetric 
cooling in response to symmetric storm forcing.  The magnitude of cooling is less in 
the FLAME simulation.  The explanation for the stronger cooling in CA78 most 
likely relates to the different temperature profiles.  For instance, at 50 m depth in 
CA78, the temperature is 10oC colder than the surface while in FLAME (although 
the base of the ML is closer to the surface, 30 m) the temperature at 50 m is only 
3oC cooler than at the surface.  In the P81 experiment maximum SST cooling was 
near 3.0oC (not shown), which is a bit less than FLAME, and likely owing to the fact 
that their storm was moving faster.  As mentioned in the previous section, the 
effect that sensible heat transfer and evaporation have on the change in SST is 
small compared to the wind-mixing effect and those effects are neglected in the 
CA78 and FLAME experiments but are included in the work of P81. 

 
A vertical cross-section of temperatures is shown in Fig. 10 for the same 

FLAME simulation as above, but 78 hours into the integration.  Upwelling has 
occurred where the isotherms flex upward while the large area of warming beneath 
the original ML is a consequence of downward entrainment mixing of warm ML 
waters and downwelling.  Note the deep nature of the upwelling region extending 
well below the ML (at least 300 m in Fig. 10).   

 
Surface currents are shown in Fig. 11 compared with the CA78 simulation.  The 

patterns agree well, in particular, the separation between velocity maxima is ~400-
450 km in both experiments.  A rightward bias in the currents is obvious (remember 
the forcing is symmetric) and is ~60-70 km from the track in Fig. 11a while in Fig. 
11b it is ~40-50 km.   
 
6.2  Asymmetric storm forcing 
 

We later modified the original vortex for our model by introducing a version of 
CA78’s asymmetry factor (f) that scales by the ratio of the storm’s translational 
speed to the maximum storm-relative winds.  In addition, Riehl (1979) suggests 
that outside the radius of maximum winds (rmin), Vθr½ = K (where Vθ is the 
tangential wind, r is the radius from the eye, and K is a constant) is a valid relation 
for winds in a hurricane.  From Eq. (4), τ = K/r so we have wind stress proportional 
to 1/r (e.g. the black profile in Fig. 7).   
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with an asymmetry factor given by 
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                                              (6)                

 
where Jr,θ(r,θ) is the radial (r) or tangential (θ) wind stress (positive for Jθ and 
negative for Jr) as a function of radius and azimuth (θ) measured counterclockwise 
from the right hand side of a perpendicular line through the storm motion vector, 
|Jr,θ|m is the maximum wind stress which is located at rmin (the term is negative for 
Jr), rmax is the outer radius where J vanishes,  f(θ) is the asymmetry factor as a 
function of b = s/Vmax(rel) where s is the forward translational speed of the storm and 
Vmax(rel) is the maximum storm-relative wind speed (10-metre level).  The scaling 
choice for b is a reasonable one when the maximum surface wind speed to the 
immediate right side of the moving storm is s/2 larger than the maximum storm-
relative wind (see further discussion below).  Finally, note |Jr|m is -1/3 of |Jθ|m 
representing the typical inflow angle of the wind field in the hurricane atmospheric 
boundary layer.  For this choice of wind stress, the angle works out to be 18.4o.   
 
      A well-known behavior of ET is the development of an asymmetric wind field, 
due largely to the rapid translational speed of the storm.  With the asymmetry given 
by Eq. (6), we were able to run simulations mimicking ET by adjusting the 
parameters (|Jr,θ|m, rmin , rmax) as functions of time.  The ocean responses to real 
storm cases (Hurricanes Fabian and Juan in 2003) were studied using data 
available from the National Hurricane Center (NHC) best-track data archive (track, 
wind speed, radius of maximum winds and radii of gales).  The maximum 
sustained winds from the best track were converted to |Jr,θ|m using Eq. (4) and the 
following wind speed-drag coefficient formulation:                                                                               
 
where  
                  CD = (0.73 + 0.069Vmax(rel)] × 10-3

         Vmax(rel) ≤ 33  m s-1
                             (7a)              

                       = 3.0 × 10-3                                  Vmax(rel)  > 33  m s-1
                             (7b)                        
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Eq. 7(a) is given by Garratt (1977) and 7(b) is based on the results of Powell et al. 
(2003) who suggest capping-off the frictional drag coefficient for hurricane-force 
wind speeds.  From Eq. (7a), CD = 0.003 when the wind is 33 m s-1.  Quadrant-
mean gale radii from the track data were averaged to obtain the storm-mean gale 
radius, which was then multiplied by a factor of two, as an estimate for storm size 
(rmax). This is realistic enough for testing purposes.  Real data for rmin are rare, so 
satellite-estimated eye radii (where available in the track data) were used to 
estimate rmin by multiplying eye radius by a factor of 1.1.  This is a rough estimate, 
but is based on data by Shea and Gray (1973).  Best-track data contain the 
maximum sustained 10-metre wind (Vmax) which is not necessarily the maximum 
storm-relative wind (Vmax(rel)), especially in fast-moving storms.  To determine 
Vmax(rel) we subtract s/2 from Vmax.  This surface correction factor is consistent with 
maximum wind observations immediately to the right of the track in rapidly-moving 
TCs and has been used by several other authors (Bender and Ginis (2000), 
Cardone et al. (1977) from P81 and Phadke et al. (2003)).   
 

A smooth wind stress vortex using the r-1 dependence outside rmin (black curve 
in Fig. 7) that closely fits the data is then constructed in polar coordinates at each 
6-hourly node along the track and mapped to the ocean model.  The variables 
used to construct the vortex are linearly interpolated to model time steps between 
track nodes.  Some of the storm data during the ET or EC phase of the storms 
were not contained in the NHC best track database.  In those cases, estimates for 
the necessary variables were derived from manual sea level pressure analyses 
and wind data from land stations, ships, buoys, etc.   Keep in mind that the above 
simplifications may differ from reality, as would be the case with the development 
of atmospheric fronts typically occurring during ET. 

 
6.3  Simulations of real storm cases 

 
So far we have discussed idealistic ocean stratifications and determined that 

the model is able to respond realistically to storm forcing as studied in detail by 
previous authors.  In an effort to create a realistic ocean state over which storm-
forcing events can be run, we employ the semi-prognostic method described by 
Sheng et al. (2001) (see the review by Greatbatch et al. (2004)) where the model is 
“adiabatically corrected” toward a climatological state.  We start the ocean model 
initialized with a state of rest and with climatogical T and S for 01 January then 
allow the model to run for eight months (to the end of August) using climatological 
forcing fluxes and restoring boundary conditions as described at the beginning of 
this section.  This is enough time for all the major ocean currents develop.   

 
Using this updated ocean state we introduce the storm forcing of Hurricane 

Fabian.  This storm formed in the eastern tropical Atlantic Ocean in late August 
2003 and moved westward toward North America as an intense hurricane that 
recurved around the subtropical ridge, striking Bermuda on 05 September.  Fabian 
then raced toward the northeast and underwent ET on 08 September well east of 

 16



Newfoundland.  The remnants of the extratropical storm after transition stalled off 
the coast of Greenland on 10 and 11 September.   

 
For the Hurricane Fabian experiment, we add the storm forcing directly to the 

climatological wind stress forcing at the start of the cyclone’s life cycle, then let the 
model run for 3 weeks (2 weeks with the storm forcing plus one week after the 
storm using climatology forcing alone).  The semi-prognostic method, climatology 
wind stress / flux forcing, and surface restoring boundary conditions still apply 
during the storm-forcing period.  Sensible heat, latent heat and freshwater fluxes 
owing to the storm are not computed; only the wind stress forcing from the storm is 
added to the model.   

 
The resulting change in SST computed from the model is compared with the 

change in SST from satellite-based observations in Fig. 12.  The most obvious 
difference is that the model has produced excessive cooling in the wake of the 
storm, although it still captures the rightward bias in cooling.  The observations 
(represented on a coarser 50-km grid) show right-of-track cooling with typical 
magnitudes ~2-3oC, which is most noticeable south of the Gulf Stream and north of 
20oN.  Not much of the cool wake remains over the deep tropics and in the vicinity 
of the Gulf Stream owing to warming from the sun, mixing and advective 
processes.  Strong cooling is observed well south of the Grand Banks and over the 
high latitudes between Greenland and Iceland.  By contrast, the model shows 
excessive cooling owing to unrealistically steep temperature gradients below the 
surface during the summer months as shown in Fig. 13.  The climatology profile for 
August appearing in Fig. 13 is taken from Geshelin et al. (1999).  Since the SST 
response is so sensitive to the thermal stratification, the strong cooling found in the 
model comes as no surprise.  It is believed the source of the sharp gradients has a 
lot to do with the surface restoring boundary condition on temperature built into the 
model, which forces SSTs toward climatology (Barnier et al. 1995).  One reason for 
this (especially in the area east of Newfoundland) is probably a lack of warm 
subsurface advection in the model.  In addition, there is insufficient mixing of warm 
water down from the surface since the ocean is forced by smoothly varying 
(climatological) winds and not synoptically varying winds.  The grid location (50oN, 
40oW) chosen for the profiles in Fig. 13 lies close to the track of Fabian, but there 
were large areas of the ocean basin that exhibited this falsely steep temperature 
gradient below the surface during the summer months.  More work is needed to 
address these issues.    
   

The second numerical experiment is conducted to verify the large-scale ocean 
response to storm forcing associated with Hurricane Juan of September 2003.  
Juan formed to the southeast of Bermuda on 25 September and moved 
northwestward, intensifying to a category-two hurricane (maximum sustained 
surface wind speeds of 43 m s-1) on 27 September.  The hurricane then moved 
almost due north, moving rapidly across Nova Scotia during the early hours of 29 
September and rapidly undergoing ET.  Juan’s remnants decayed over Labrador 
on 29 September.      
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Two experiments were conducted for Juan using much the same approach as 

for Hurricane Fabian, but with different ocean conditions.  In the first experiment 
(JUAN1), Juan’s idealized wind stress forcing is introduced to the ocean model 
initialized with climatological T and S for 01 September with currents initially zero 
everywhere.  The integration continues for 7 days (4 storm days plus 3 days after 
the storm dissipated).  In the second experiment (JUAN2), the ocean is spun-up 
with climatological forcing for 28 days from the 01 September climatology to allow 
the velocity field to develop.  The storm forcing is then turned on after 28 days and 
the model is run for an additional 7 days as in the first experiment.  The semi-
prognostic method does not apply in these simulations, but all other forcing is 
applied as with the Fabian simulation, including the restoring boundary conditions, 
which seemed to have little impact on the upper ocean temperature gradient owing 
to the shorter spin-up period.  A parallel experiment with the same initial condition 
for the ocean as in the JUAN1 experiment included a 7-day integration with only 
climatological forcing, which we call NOJUAN.  Similar experiments were run for 
Juan (not shown) using the longer term ocean spin-up period as was used for 
Fabian (~8 months).  These results were undesirable because of excessive cold 
water beneath the ocean surface, so it appears a temporary solution is to use a 
shorter (28 days in this case) oceanic spin-up period.     

 
Results from the Juan experiments are shown in Fig. 14.  All times are 

referenced with respect to the Hurricane Juan event, not the ocean model run 
times.  Figure 14a shows the observed change in SST between 27 September and 
1 October showing the cool wake left behind by the storm.  Data are from the 
National Environmental Satellite, Data, and Information Service 14-km SST archive 
for the western North Atlantic Ocean available at 
http://www.osdpd.noaa.gov/PSB/EPS/SST/contourthumb.html.  Figure 14b shows 
the SST change over the same period produced by the JUAN1 experiment.  The 
resolution of the model output averages 26 km.  The actual data show a much 
noisier pattern than the model results because in reality there would be small-scale 
variability in the ocean and atmosphere not represented in our ocean model or 
atmospheric forcing, thence the model results do not show anything that we would 
not expect.  Results appear reasonable in the Gulf of St. Lawrence probably 
because the real ocean state was likely not far from early September climatology 
(recall this experiment was initialized with climatological T and S valid for 01 
September).  In general, the displacement of the cold wake to the right of the track 
agrees fairly well with the observations, but the magnitude of cooling is one to two 
degrees too weak on the Scotian Shelf.  Also, there is a large cool wake to the left 
of the storm track in the observations from 38 to 40oN not explained by the model 
result.  More work is needed to resolve these issues.   

 
The results of the NOJUAN and JUAN2 experiments appear in Fig. 14c and 

Fig. 14d respectively.  Recall the initial ocean state for JUAN2 is after 28 days of 
spin-up from 01 September climatology but for NOJUAN the initial condition is 
identical to JUAN1.  In Fig. 14c there is not much change in SST over the 4-day 
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period, except for small-scale changes in the vicinity of the Gulf Stream and a 
patch of ~1oC cooling in the southern Gulf of St. Lawrence.  In Fig. 14d the cooling 
due to the storm is most noticeable around Nova Scotia, but less pronounced than 
the JUAN1 simulation (particularly in the Gulf of St. Lawrence) which used 01 
September ocean temperatures.  Observations of SST during late September of 
2003 (not shown) were typical for early September when surface waters are 
normally 3oC warmer around Nova Scotia.  This could be one explanation why 
(even though the JUAN2 simulation had a late-September ocean state) the change 
in SST for JUAN1 compared better with observations, at least in the vicinity of 
Nova Scotia.    

 
If we had real ocean data for the model (able to resolve variations in thermal 

stratification owing to, for example, mesoscale eddies) during the period of 
Hurricane Juan, we would most likely capture a lot of the smaller-scale structures 
in the SST response.  A possible explanation for the large cooling near 40oN, 64oW 
in Fig. 14a is the presence of a locally very shallow ML, perhaps associated with a 
cold core ocean eddy.  Such a feature does not appear in the climatological ocean 
data used to initialize the model.  Ultimately, we would like to capture more details 
because local reduction in SST can somewhat effect atmospheric boundary layer 
stability and in turn, affect the profile of wind in the atmosphere.  However, these 
experiments are a step in the right direction and the positive results from the 
idealized experiments (section 6.1) and some aspects of JUAN1 lend confidence to 
the model’s ability to produce a realistic response to storm forcing for given thermal 
stratifications.  To improve the results, we would need to incorporate more realistic 
oceanic (and synoptic-scale atmospheric) conditions for the time period of interest.  

 
   
7. Proposed work 

 
The next major step in the project is to develop a working atmospheric model 

that can simulate ET.  The work of McTaggart-Cowan (unpublished) with the MC2 
model and Kurihara et al. (1993) vortex initialization procedure has been decided 
as the best starting point.  The requirement for that scheme to work is that the 
model be initialized when the storm still has a predominantly tropical structure.  
McTaggart-Cowan’s work has involved the modeling of Hurricane Earl in 1998 
(McTaggart-Cowan et al. 2001) and most recently, Hurricane Juan.  The model 
with the Kurihara vortex insertion led to a considerable improvement in the 
structure and strength of the storm in the MC2 model forecast, as shown in Fig. 15. 

 
With a working atmospheric model and appropriate control run we can then run 

model ensembles with various specified SST fields that could be quite instructive 
for determining the ocean influence on ET.  Hurricanes Juan in 2003 and Michael 
in 2000 would be good candidates for study because there are plenty of data 
available from these storms (Fogarty 2002a for Michael and 
http://www.novaweather.net/Hurricane_Juan.html for Juan).  
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The results of the CHIPS model (Emanuel, personal communication) using a 
one-dimensional oceanic ML model suggest that Hurricane Juan was a stronger 
storm (by about 8 m s-1 (15 kts) in maximum sustained winds) when it made 
landfall in Nova Scotia than it would have been had the forecast been produced 
using climatological ocean conditions.  SSTs were higher than normal along the 
track of the hurricane and it is likely that this played an important role in the 
intensity of this storm.  Note that Emanuel’s result is only one (deterministic) 
forecast for Hurricane Juan.  More rigorous model testing must be conducted to 
make a solid conclusion as to whether the warmer-than-normal SSTs played a 
factor in Juan’s intensity at landfall. Some questions with regard to Hurricane Juan 
that we will attempt to investigate include: 

 
• How sensitive is the simulation of the storm to initial conditions of the bogus 

vortex? 
 
• What is the influence of pre-existing large- and small-scale SST structures 

on overall storm intensity (maximum sustained winds) as in the case of 
Hurricane Juan?   

 
• What is the influence of SST (below 26oC) on the decoupling of strong 

winds from the ocean surface in the atmospheric boundary layer? 
 

• Does the SST pattern affect the onset/duration of ET? 
 
 
Outline of proposed research activities: 

 
  
1. Recreate the Hurricane Juan simulation of McTaggart-Cowan (unpublished 
work) by reconstructing the hurricane vortex following the code of Kurihara et 
al. (1993).  The vortex and model initialization can be constructed using the 
Shared Procedure Archive (SPA) software at Dalhousie.  The model will be run 
on the IBM at CMC - June and July 2004 
 
2. Run tests (ensembles) to determine sensitivity of simulations to initial 
conditions; e.g. adjust bogus vortex parameters and diagnose model sensitivity 
to them – July and August 2004 

 
3.  Run ensembles of experiments (as in 2) using different SST specifications 
for the ocean boundary condition for the Juan simulation.  The proposed 
configurations are: 

 
(a) Realistic SST (covered by 2) 
(b) Climatological SST for late September 
(c) Climatological SST for late October (to see how the storm would have 

behaved over cooler SSTs) 
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(d) Uniform SST of 26oC everywhere 
(e) Uniformly decreasing SST from 26oC at 40oN to 18oC at 44oN 
(f)  Uniformly decreasing SST from 26oC at 40oN to 12oC at 44oN 

 
- September 2004 to January 2005 

 
4. Compare  3a and 3b with Emanuel’s results for Juan.  – February 2005 

 
5. Document the atmospheric boundary layer wind profiles in the above 
scenarios  – February 2005 
 
6. Determine whether the SSTs have any impact on the cyclone phase 
evolution (ET) of Juan – February 2005 

 
7. (a) Use the atmospheric wind fields from Juan MC2 experiment to force 
FLAME.  (b) Save the storm-modified SST fields from (a) and use as time-
evolving SST boundary condition for case reruns to determine if the storm-
induced SST change has any impact on the storm  –  March to June 2005 

 
8. Apply similar procedures and tests with Hurricane Michael ET – June to 
October  2005 

 
9. Thesis preparation – October to December 2005  

 
10. Thesis defense – January 2006  
 
 
The ET field program funded by the Search and Rescue Secretariat of Canada 

has been collecting aircraft data from ET events in recent years, with expansion in 
2004 to involve collection of oceanographic data.  I have been involved with the 
program and participate in the research flights to collect data that will hopefully be 
useful for validating our modeling work later on.  The National Research Council 
Convair-580 aircraft flew into both storms and collected dropsonde and radar data.  
For a summary of the program and data collected from Hurricane Michael, see 
Abraham et al. (2004).  We plan to conduct more field projects in 2004. 

 
The long-term goals of the MSC-Dalhousie ET research project (with the PhD 

as a critical foundation) are to work toward a fully coupled atmosphere-ocean 
model prediction system using the GEM-LAM.  Such a system would provide 
valuable forecast support at the Canadian Hurricane Centre and potentially 
improve weather forecasts and warnings. 
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FIGURE CAPTIONS 
 
Figure 1.  Schematic of a tropical storm undergoing extratropical transition with 
associated cloud and weather features (image taken from Fogarty, 2002b). 
 
Figure 2.  Cyclone phase diagrams for (a) Hurricane Michael using 1o AVN model 
analyses and (b) Hurricane Juan using 1o NOGAPS model analyses every 12 hr 
(00 UTC times shown with date).  Diagram ordinate is thermal symmetry (B) in 
meters and abscissa is negative of scaled thermal wind (-VT

L) in the 900 to 600-
hPa layer.  The insets show the storm tracks and the model analysis SST field.  
The A indicates the beginning of the plotted life cycle within the available analyses 
and the Z indicates the end.  The color of the cyclone position markers indicates 
intensity and size indicates radius of 925-hPa gale force winds.  Images adopted 
from Bob Hart’s website: http://moe.met.fsu.edu/cyclonephase/index.html. 
 
Figure 3.  Tracks of all extratropically-transitioning systems by month in the 
Atlantic Ocean from 1899 to 1996.   The point of transition for each cyclone is 
marked with a red dot as subjectively determined by the National Hurricane Center 
mainly through satellite interpretation of storm structure and asymmetry.  The 
graph shows the latitudinal range of ET occurrences by month with the mean 
latitude shown by the large black dot (figure taken from Hart and Evans, 2001). 
 
Figure 4.  Tropical Storm Karen satellite image / Convair flight track (a) and cross 
section of equivalent potential temperature (b).  The flight track in (a) is shown in 
red with dropsonde release positions numbered 1 thru 19.  The storm track is 
shown by the tropical storm symbols with labeled times in UTC. The numbers of 
each sonde in the cross section are represented as vertical lines in (b).  The 
approximate center of the surface low is shown by the ‘L’ in (b). 
 
Figure 5.  Cross-track change in sea surface temperature for different hurricane 
translation speeds (UH) (figure taken from Price (1981)).    
 
Figure 6.  Depth of the base of the mixed layer from Chang and Anthes (1978) for 
an experiment with a hurricane moving due north (up the page) at 5 m s-1.  The 
contour interval is 20 m.  Shading denotes shallowing of the thermocline.  The valid 
time of the image is 41 hours into the integration.  The initial ML depth was 50 m.  
The domain measures approximately 1000 km square with 20-km tick marks.  The 
original storm position is marked with an ‘x’ and the final position is marked with a 
conventional hurricane symbol. 
 
Figure 7.  Wind stress forcing profiles used for the FLAME ocean model 
simulations.  The black profile is the one used to fit to real storm data. The radius 
of maximum winds (maximum stress τmax) is indicated by rmin and the storm radius 
is rmax. 
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Figure 8.  Upper ocean temperature (T) and salinity (S) used to initialize the 
FLAME simplified ocean experiment.  
 
Figure 9.  The change in sea surface temperature (SST) from Chang and Anthes 
(1978) (left) and the FLAME model (right) forced by the same Rankine wind stress 
vortex (contour interval 1oC).  (a) SST change after 41 hours integration from 
Chang and Anthes (1978).  (b) SST change after 42 hours integration in FLAME.  
Each domain is approximately 1000 km square (20-km tick marks in (a)).  Both 
simulations represent a hurricane moving due north (up the page) at 5 m s-1.  The 
initial position of the storm centre is marked with a circled ‘x’ and the final position 
by a conventional hurricane symbol. 
 
Figure 10.  Vertical cross-section of temperature change (colored field) from the 
FLAME experiment (northward-moving wind stress vortex) 78 hours into the 
integration at 30oN.  The contoured field shows the actual temperatures (every 
1oC).  The longitude of the track taken by the center of the storm is shown by the 
solid vertical line.    
 
Figure 11.  Surface currents from Chang and Anthes (1978) (left) and the FLAME 
model (right) forced by the same Rankine wind stress vortex (contour interval 20 
cm s-1).  (a) Currents after 41 hours integration from Chang and Anthes.  (b) 
Currents after 42 hours integration in FLAME.  Each domain is approximately 1000 
km square (20-km tick marks in (a)).  Both simulations represent a hurricane 
moving due north (up the page) at 5 m s-1.  The initial position of the storm centre 
is marked with a circled ‘x’ and the final position by a conventional hurricane 
symbol. 
 
Figure 12.  Change in SST in the wake of Hurricane Fabian.  (a) Observations 
from 50-km satellite-derived data and (b) from the FLAME model experiment with 
prescribed wind stress forcing and using an ocean that has been spun-up to a late-
August state. 
 
Figure 13.   Profiles of temperature in the upper 300 m of FLAME during the 
January to August spin-up period for (a) standard semi-prognostic method and (b) 
regular prognostic run. 
 
Figure 14.  Four-day change in sea surface temperature between 00 UTC 27 
September and 00 UTC 01 October during the passage of Hurricane Juan: (a) 
observations at 14-km resolution; (b) model output from the JUAN1 experiment; (c) 
NOJUAN experiment and (d) JUAN2 experiment.  Entire storm track shown in 
white: open circle (tropical depression), open swirl (tropical storm), solid swirl 
(hurricane) and large circles denote ET phase. 
 
Figure 15.   Model output, analyses and satellite image of Hurricane Juan 
approaching Nova Scotia.  (a) 24-hour MC2 sea level pressure and surface wind 
forecast valid at 00 UTC 29 September 2003 from McTaggart-Cowan’s simulation 
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using the Kuihara vortex for initialization; (b) same as (a) except without using the 
vortex initialization; (c) manually drawn sea level pressure analysis valid at 03 UTC 
29 September; (d) GOES infrared satellite image at 00 UTC 29 September. 
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Figure 1.  Schematic of a tropical storm undergoing extratropical transition with 
associated cloud and weather features (image taken from Fogarty, 2002b). 
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Figure 2.  Cyclone phase diagrams for (a) Hurricane Michael using 1o AVN model 
analyses and (b) Hurricane Juan using 1o NOGAPS model analyses every 12 hr 
(00 UTC times shown with date).  Diagram ordinate is thermal symmetry (B) in 
meters and abscissa is negative of scaled thermal wind (-VT

L) in the 900 to 600-
hPa layer.  The insets show the storm tracks and the model analysis SST field.  
The A indicates the beginning of the plotted life cycle within the available analyses 
and the Z indicates the end.  The color of the cyclone position markers indicates 
intensity and size indicates radius of 925-hPa gale force winds.  Images adopted 
from Bob Hart’s website: http://moe.met.fsu.edu/cyclonephase/index.html.   
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Figure 3.   Tracks of all extratropically-transitioning systems by month in the 
Atlantic Ocean from 1899 to 1996.   The point of transition for each cyclone is 
marked with a red dot as subjectively determined by the National Hurricane Center 
mainly through satellite interpretation of storm structure and asymmetry.  The 
graph shows the latitudinal range of ET occurrences by month with the mean 
latitude shown by the large black dot (figure taken from Hart and Evans, 2001). 
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Figure 4.  Tropical Storm Karen satellite image / Convair flight track (a) and cross 
section of equivalent potential temperature (b).  The flight track in (a) is shown in 
red with dropsonde release positions numbered 1 thru 19.  The storm track is 
shown by the tropical storm symbols with labeled times in UTC. The numbers of 
each sonde in the cross section are represented as vertical lines in (b).  The 
approximate center of the surface low is shown by the ‘L’ in (b).   
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Figure 5.  Cross-track change in sea surface temperature for different hurricane 
translation speeds (UH) (figure taken from Price (1981)).    
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Figure 6.  Depth of the base of the mixed layer from Chang and Anthes (1978) for 
an experiment with a hurricane moving due north (up the page) at 5 m s-1.  The 
contour interval is 20 m.  Shading denotes shallowing of the thermocline.  The valid 
time of the image is 41 hours into the integration.  The initial depth was 50 m.  The 
domain measures approximately 1000 km square with 20-km tick marks.  The 
original storm position is marked with an ‘x’ and the final position is marked with a 
conventional hurricane symbol. 
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Figure 7.  Wind stress forcing profiles used for the FLAME ocean model 
simulations.  The black profile is the one used to fit to real storm data. The radius 
of maximum winds (maximum stress τmax) is indicated by rmin and the storm radius 
is rmax.      
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Figure 8.  Upper ocean temperature (T) and salinity (S) used to initialize the 
FLAME simplified ocean experiment.  
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Figure 9.  The change in sea surface temperature (SST) from Chang and Anthes 
(1978) (left) and the FLAME model (right) forced by the same Rankine wind stress 
vortex (contour interval 1oC).  (a) SST change after 41 hours integration from 
Chang and Anthes (1978).  (b) SST change after 42 hours integration in FLAME.  
Each domain is approximately 1000 km square (20-km tick marks in (a)).  Both 
simulations represent a hurricane moving due north (up the page) at 5 m s-1.  The 
initial position of the storm centre is marked with a circled ‘x’ and the final position 
by a conventional hurricane symbol. 
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Figure 10.  Vertical cross-section of temperature change (colored field) from the 
FLAME experiment (northward-moving wind stress vortex) 78 hours into the 
integration at 30oN.  The black contours are isotherms (every 1oC).      
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Figure 11.  Surface currents from Chang and Anthes (1978) (left) and the FLAME 
model (right) forced by the same Rankine wind stress vortex (contour interval 20 
cm s-1).  (a) Currents after 41 hours integration from Chang and Anthes.  (b) 
Currents after 42 hours integration in FLAME.  Each domain is approximately 1000 
km square (20-km tick marks in (a)).  Both simulations represent a hurricane 
moving due north (up the page) at 5 m s-1.  The initial position of the storm centre 
is marked with a circled ‘x’ and the final position by a conventional hurricane 
symbol. 
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Figure 12.  Change in SST in the wake of Hurricane Fabian.  (a) Observations 
from 50-km satellite-derived data and (b) from the FLAME model experiment with 
prescribed wind stress forcing and using an ocean that has been spun-up to a late-
August state. 
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Figure 13.   Profiles of temperature in the upper 300 m of FLAME during the 
January to August spin-up period for (a) standard semi-prognostic method and (b) 
regular prognostic run.    
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Figure 14.  Four-day change in sea surface temperature between 00 UTC 27 
September and 00 UTC 01 October during the passage of Hurricane Juan: (a) 
observations at 14-km resolution; (b) model output from the JUAN1 experiment; (c) 
NOJUAN experiment and (d) JUAN2 experiment.  Entire storm track shown in 
white: open circle (tropical depression), open swirl (tropical storm), solid swirl 
(hurricane) and large circles denote ET phase.   
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Figure 15.  Model output, analyses and satellite image of Hurricane Juan 
approaching Nova Scotia.  (a) 24-hour MC2 sea level pressure and surface wind 
forecast valid at 00 UTC 29 September 2003 from McTaggart-Cowan’s simulation 
using the Kurihara vortex for initialization; (b) same as (a) except without using the 
vortex initialization; (c) manually drawn sea level pressure analysis valid at 03 UTC 
29 September; (d) GOES infrared satellite image at 00 UTC 29 September.   
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