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Chapter 1 
 

Introduction 

Of all the Tropical Cyclones (TC) that occur worldwide, approximately 50% undergo Extratropical 

Transition (ET) when they enter into an environment of colder sea surface temperatures, stronger shear, 

and higher baroclinicity at higher latitudes (Hart and Evans 2001; Jones et al. 2003).  Evans et al. (2005) 

stated that smaller and weaker TCs have a higher propensity to dissipate rather than transition.  The 

transition from TC to an Extratropical Cyclone (EC) can be complex (midlatitude fronts or troughs aid in 

the transitions), compound (the TC and a midlatitude cyclone merge or the TC moves into an already 

cyclogenetic midlatitude region), or a TC can dissipate after recurvature (Matano and Sekioka 1971;  

Brand and Guard 1978).  Thus, there are many ways of initiating the ET, while the process itself can last 

for a period of 24-96 hours (Klein et al. 2000; Jones et al. 2003; Evans and Hart 2003). 

Klein et al. (2000) analyzed 30 ET events using satellite imagery to create a conceptual model of the 

ET.  According to that study, a two stage process was defined:  the transformation and reintensification 

stages.  The transformation stage begins when visible, infrared, and water vapor satellite imagery indicate 

an asymmetric appearance of clouds and decrease of deep convection in the south western quadrant of the 

TC and is completed when the TC begins to show characteristics of a midlatitude cyclone.  If the 

transitioning storm subsequently begins to deepen it commences the reintensification stage; this stage 

ends when the EC no longer deepens. 

The transition is a continuum that can be expressed via the cyclone phase space, which was developed 

in Hart (2003) and demonstrated by Evans and Hart (2003) to be effective in discriminating ETs.  In the 

cyclone phase space, thermal wind (���
� � ���

�) and thermal asymmetry (baroclinicity, B) parameters 

were used to describe the onset (B = 10) and completion (���
� � �) of the ET of a TC into a cold-core or 

warm-secluded structure.  Differences in the storm structure make a difference in the wind fields and the 
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storm could be driven by a cold-core or warm-seclusion, sea surface temperatures, or the positive or 

negative tilt of the trough aiding in the ET (Hart et al. 2005).  In a typical cold-core transition the radius 

of gale force winds (17 m s-1) may increase by a factor of two to three times its radius as a TC (Elsberry, 

1995).  Meanwhile, 50% of the storms that undergo a warm-secluded transition are larger than the cold-

core transitions in the expansion of the gale force winds (Hart et al. 2005). This expansion of the gale 

force winds can cause a significant amount of damage.  For instance, in 1996 Post-TC1 Hortense brought 

high winds, power outages, and flooding that caused $3 million in damages to Cape Breton Island, N.S. 

(CBC 2007).  In 2007 Post-TC Noel in 2007 was responsible for downed trees and power lines in the 

northeastern United States and eastern Canada and left over 200,000 people without power. Coastal 

flooding washed out sections of coastal roads in Nova Scotia, littering the area with boulders (Brown 

2007). 

In addition to immediate property damage, these ETs can trigger and amplify upper atmospheric 

waves, which can indirectly lead to the generation of other powerful storms across almost hemispheric 

spatial scales (Parsons 2007; Harr and Dea 2008; Harr et al. 2008).  Due to the high percentage of TCs 

that undergo ET (46% and 36% of TCs transition into ECs in the North Atlantic and West Pacific basin, 

respectively) and the devastation they leave in their wake, it is imperative to study the physics behind 

these transitions (Hart and Evans 2001;, Klein 1997). Even with all of the recent progress, forecasters are 

far from understanding and accurately predicting these transitions, their post transition intensities, 

downstream effects, etc.  In Harr et al. (2008), the decrease in model forecast skill resulted in errors in 

wave amplitude and phase of the trough and transitioning cyclone rather than the typical error attributed 

to forecast lead time.  Forecasting the increase in translation speed of the transitioning storm is also a 

huge problem in global and regional models.  An error in translation speeds can lead into errors in track, 

precipitation patterns and intensity (Jones et al. 2003).   

                                                      
1 TCs that have completed ET, (and so are now ECs) are referred to by the Canadian Hurricane Centre as “post-TC” 
to emphasize their tropical origins and potentially high threat potential. 
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Current techniques to understand, identify, and predict ET remain incomplete, which can be seen in 

this poor model and forecasting skill (Harr et al. 2008).  A need to improve our understanding of the ET 

process was one of the motivators for the THORPEX Pacific-Asian Regional Campaign (T-PARC).  The 

main mission of the multi-national T-PARC campaign was to improve understanding and forecasting skill 

of significant weather events (Parsons 2007).  As a result of this international campaign the ECMWF high 

resolution analysis at 0.22o × 0.22o horizontal resolution and with 92 vertical levels assimilated the 

ECMWF fields.  Thus for this study, the high resolution ECMWF reanalysis data is used.  In 2008, TC 

Sinlaku and Jangmi underwent ET, and thanks to the efforts from T-PARC a multitude of data were 

collected and these storms were followed closely.  This study will only focus on the ET of TC Sinlaku, 

although the work conducted on this study could be extended to TC Jangmi. 

In the attempt to understand the dynamical processes that are present during the ET of TC Sinlaku 

this study follows the methodology presented in Kuo et al. (1990).  Kuo et al. (1990) analyzed two 

different NCAR/PSU MM5 model runs (regular and “fake dry” physics) to simulate an intense 

midlatitude EC event.  These two distinct runs illustrated the effects that latent heat had on the simulated 

storm.  With the removal of latent heat in the Kuo et al. (1990) simulation, the temperature gradient was 

weaker at the warm front and the adiabatic component of vertical motion was three times smaller than the 

full physics simulation. Further, the adiabatic vertical motion occurred on much larger horizontal scales, 

which did not allow for the storm to contract and deepen.  However, the Kuo et al. (1990) study was 

conducted on a pure EC case, not an ET case as in this study, and their model resolution was 45 km with 

16 vertical levels.  The horizontal and vertical resolution of these model simulations in Kuo et al. (1990) 

were its biggest flaw, since the simulations weren’t conducted at ideal resolutions for the effects of latent 

heat on non-hydrostatic scales to be well represented (~5 km). Improvements in model physics and 

resolutions make it possible for us to study the detailed impacts of convection on finer scales than these.  

To address model resolution this study will have a static domain with 9 km resolution and a second 

(vortex following) domain with 3 km resolution and centered over transitioning TC Sinlaku with 36 

vertical levels.  Thus, the focus of this project is to analyze the responses that came into play under both 
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fake dry and full physics simulations of TC Sinlaku as it underwent ET in hopes of gaining a better 

understanding of ETs.  
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Chapter 2 
 

TC Sinlaku 

 

Figure 2-1: JTWC best track and intensity of Typhoon Sinlaku 2008 (Cooper et al. 2009).   
 

     Tropical Cyclone (TC) Sinlaku was the eighth typhoon and the thirteenth named storm of the 2008 

western North Pacific hurricane season (JMA 2009).  The lifecycle of TC Sinlaku consisted of a drawn 

out genesis (where it was known as wave 15W), two periods of rapid intensification, an eyewall 

replacement cycle, and an extratropical transition (ET) (JMA 2008; JTWC 2008; UCAR 2008).   On 11 

September 2008 00 UTC, TC Sinlaku reached its peak intensity with winds of 64 m s-1 and a minimum 

pressure of 929 hPa (Cooper et al. 2009; JTWC 2008).  Damaging winds at 46 m s-1 were recorded as the 

cyclone made landfall on Taipei, Taiwan on 13 September 2008 16 UTC (Cooper et al. 2009; Fig. 2-1).  It 

was one of four storms to have made landfall on Taiwan that year (JMA 2009). 
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2.1 Forecast Discussions and ECMWF Reanalysis 

     The Japan Meteorological Agency (JMA), Joint Typhoon Warning Center (JTWC), and THORPEX 

Pacific-Asian Regional Campaign (T-PARC) all closely followed the entire lifecycle of the storm.  All 

three groups of forecasters used the modified Dvorak intensity rating, originally based on the Dvorak 

(1975) method.  There were issues with the accuracy of the Dvorak intensity rating (UCAR 2008; JTWC 

2008).  The Dvorak intensity, most of the time, rating categorized TC Sinlaku as a stronger cyclone, 

especially during ET. Given that the Dvorak intensity rating was designed for purely tropical systems, so 

the fact that it over estimated the strength during ET of TC Sinlaku was not surprising.  For the ET of TC 

Sinlaku, T-PARC used the Cyclone Phase Space (CPS) analysis in addition to satellite imagery, other 

observations, and model outputs to determine the state of the storm and the surrounding synoptic patterns. 

     On 15 September 2008, after landfall, the cyclone translation speed was reduced and dry air from the 

west was entrained into the cyclone. As a consequence, the Global Forecast System (GFS) and European 

Centre for Medium-Range Weather Forecast (ECMWF) models had trouble pinpointing the timing of ET 

(if any) of the cyclone (UCAR 2008).  Strong vertical wind shear to the north began to strip the outflow 

away from the core on 16 September 2008, thus T-PARC discussions did not call for further 

intensification.  However, after 16 September 2008, the translation speed of TC Sinlaku increased almost 

on a dailybasis. 

 (a) 
Figure 2-2: Enhanc
0930 UTC, (b) 18 S
the storm motion is
 

Cirrus 
edge 

Possible warm 
frontogenesis  

Dry
 

Eyewall 
erosion Dry

 

 Slot 
(b) 
ed Infrared imagery of the tran
eptember 2008 1130 UTC, and
 depicted by arrows to the righ
 Slot 
 
(c) 

sformation of TC Sinlaku at (a) 17 September 2008 
 (c) 19 September 2008 1830 UTC.  The direction of 
t of the storm. 



7 

      

           (a)                                                                           (b)                                           
Figure 2-3:  Total precipitable water [mm] in grey contours (shaded areas for values over 20
intervals) and  mean sea level pressure [hPa] in black contours for (a) 18 September 2008 00 U
19 September 2008 00 UTC derived from the initial variables provided from the ECMWF an
annulus defines the center of Sinlaku.   
 

     On 17 September 2008 (see Fig. 2-2a), the storm was resistant to dissipation because of ref

a central dense overcast; however, deep convection was beginning to cease in the southern

storm and a dry slot was forming.  Reconnaissance flights on 17 September 2008 confirm

vortex (UCAR 2008).  The JTWC predicted a favorable interaction between the approaching 

trough and the TC to initiate the ET process (JTWC 2008). 

    The central dense overcast only persisted for a little more than 24 hours (see Fig 2-2b) and a

was evident after the cyclone underwent rapid intensification on 18 September 2008: 

intensified by 10 m s-1 in 18 hr (Cooper et al. 2009).  As the dry slot expanded and deep conv

inner core ceased (disappearing shades of red over the core between Fig. 2-2a and b), a c

formed due to the cirrus outflow of TC Sinlaku interacting with the polar jet.  The dry sl
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UTC and (b) 19 September 2008 00 UT
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diagnosed ET onset and completion as occurring at 16 September 2008 23 UTC and 20 September 2008 

21 UTC, respectively (UCAR 2008).  Using the CPS, as well as methods defined in Klein et al. (2000), 

and closely examining the enhanced infrared satellite imagery, TC Sinlaku began its ET approximately on 

17 September 2008 09 UTC, underwent rapid intensification on 18 September 2008, and on 19 September 

2008 18 UTC, it completed ET and became an extratropical cyclone (EC) (see Fig. 2-2). 
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Chapter 3 
 

Methodology 

The Advance Research Weather Research and Forecasting (ARW) model version 3.0.1 was employed 

in this study of Typhoon Sinlaku (2008).  For each simulation the ARW model was initialized with the 

high resolution ECMWF analysis at 0.22° × 0.22° horizontal resolution with 92 vertical levels. 

3.1 Domain Selection 

Analyzing the results from the 50 member ECMWF ensemble model output (Fig. 3-1), the optimal 

domain size for the ET of TC Sinlaku, including the 500 hPa trough that aided in the transition, is 

represented by the regions enclosed by the solid lines.  Thus, the first (static) domain for this study has 

740 × 430 points at 9 km resolution centered on 33°N and 150°E on a Lambert conformal map projection 

(true latitudes at 18°N and 48°N).  A second (vortex following) domain has 330 × 330 points at 3 km 

resolution continuously re-centered over TC Sinlaku.  Both domains had 36 vertical layers. 

 

 

Figure 3-1: The 50 member ECMWF ensemble 500 hPa geopotential height initialized at 00 UTC 17 
September 2008 (dark orange) and at forecast hour 96 (light orange). Wind swaths of gale force winds or 
greater are plotted (red) for forecasts out to 120 hours initialized at 00 UTC 17 September 2008. 
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Gale force wind area was chosen as the best way to represent variations in the size and track of the 

storm among the ensemble members.  This metric was chosen because it delineates the domain necessary 

to capture the variability in TC evolution represented in the ECMWF ensemble forecasts.  As depicted in 

Fig. 3-1, the gale force wind forecasts of TC Sinlaku out to 120 hours were contained within both 

domains for simulations initialized at 0000 UTC 17 September 2008.  In addition, the 500 hPa trough that 

aided in the ET transition traveled over 40° (4400 km) eastward over four days. 

3.2 ARW 3.0.1 Physics Parameterizations 

A set of physics recommended by colleagues at the National Center for Atmospheric Research 

(NCAR) was used.  The physics configuration resulting in the most accurate simulation of Typhoon 

Sinlaku was with the 5-layer thermal diffusion Land-Surface (Skamarock et al. 2008), WRF Single 

Moment 5 class microphysics(Chen and Sun 2002), Goddard shortwave radiation (Chou and Suarez 

1994), RRTM longwave radiation (Mlawer et al. 1997), Mellor-Yamada-Janjic planetary boundary layer 

(Janjic 1996; Mellor and Yamada 1982), Eta similarity theory (Monin and Obukhov 1954), and the Kain-

Fritsch cumulus parameterization (Kain and Fritsch 1993). 

3.3 The Goal: A Sensitivity Study of the Role of Diabatic Heating in ET 

A major goal of this research is to study the role of diabatic heating in the ET of Typhoon Sinlaku 

(2008). Two distinct simulations were conducted to explore this question (Table 3-1). The first of these 

simulations employed the full physics configuration documented above (referred to as FULL).  The 

second of these simulations (the “fake dry” run – denoted as FDTC) employs the FULL physics with two 

exceptions: (i) latent heating was turned off in the WRF Single Moment 5 class microphysics and (ii) the 

Kain-Fritsch cumulus parameterization was deactivated. 

Table 3-1:  Physics parameterizations used in diabatic heating sensitivity studies. 
Sensitivity run Sensitivity zone Microphysics 

 (WSM 5 class) 
Cumulus scheme 

FULL  9 km outer domain normal Kain-Fritsch 
FULL  3 km inner domain normal None 
FDTC 9 km outer domain without latent heating None 
FDTC 3 km inner domain without latent heating None 
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Chapter 4 

 
TC Sinlaku Simulation Overview 

     Results of experiments designed to discern the sensitivity of the ET evolution of Sinlaku to latent 

heating are reported here.  Removal of the latent heating in the FDTC simulation before the onset of ET in 

Typhoon Sinlaku resulted in huge departures from the TC evolution simulated in the control (FULL 

physics) experiment and in the observed evolution of Sinlaku. 

     The FULL simulation replicates the JTWC best track of Sinlaku well but not the intensity (Fig. 4-1a, 

4-2a) and also captures the motion of TC Hagupit (JMA, JTWC, 2008) on 20-21 September (Fig. 4-3). 

The maximum Sinlaku track error occurred around 48 h into the FULL simulation due to a slow 

recurvature over Japan (Fig. 4-1a,b).  Even though the FULL simulation showed good skill in the Sinlaku 

track (Fig. 4-1b), it did a poor job of simulating the central pressure of TC Sinlaku as it underwent ET 

(Fig. 4-2a,b).  The FULL TC simulation did not deepened enough to the observed TC (according to the 

JTWC best track), hence the huge error in central pressure out to 48 hours in the simulation, continuing 

from 24-36 hours into the simulation (the simulation was too deep at this time).  Immediately after the 

simulated TC made landfall the simulated TC weakened quickly while the observed storm, which never 

made landfall, underwent another period of strengthening.  The simulated storm, after exiting Japan, was 

able to re-intensify, while the observed storm weakened from 72 hours, out explaining the further 

discrepancies in the intensities between the FULL simulation with respect to the observed.  In contrast, 

the FDTC simulation completely misses recurvature and remains west of Japan for the entire simulation, 

leading to track errors in excess of 600 km by 36 hours and 1200 km by the end of the simulation (when 

the TC could no longer be tracked).  Also, the surface pressure signature of the FDTC simulated storm 

had substantially weakened by 24 h and, while the system was able to be tracked out to 60 h, it was 

evident only as an open wave by 48 h (Fig. 4-3).  Not surprisingly, since the FDTC simulation of TC 
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Sinlaku dissipated shortly after 60 hours of model integration, the error in the central pressure increased 

rapidly with forecast lead time (Fig. 4-2b). 

    

(a)                             (b) 

Figure 4-1: Different outcomes in the (a) tracks and (b) distance errors [km] compared to the JTWC best 
track of TC Sinlaku.  Simulations differ only due to variation between FULL and FDTC simulations.  
Both simulations are initialized at 0000 UTC 17 September 2008. 
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     The results from these two simulations are qualitatively similar to the EC simulations of Kuo et al. 

(1990), where the full physics EC was much deeper and had a tighter pressure gradient than the storm in 

the adiabatic simulations (similar to the FDTC simulation here). 

     The Ertel’s Potential Vorticity (EPV) signature of TC Sinlaku is easily traced in the FULL simulation 

throughout the ET (Fig. 4-3).  EPV is based on the ratio of the absolute vorticity to the depth of the vortex 

(e.g. Holton 2004) and is a measure of the strength of the balanced vortex.  Given this, it comes as no 

surprise that the EPV of TC Sinlaku is greater in the FULL simulation compared to the FDTC for every 

validation time (Figure 4-3).  The FULL simulation sustained a TC vortex undergoing ET transition, 

whereas the FDTC simulation does not maintain a TC vortex. Evans and Hart (2003) showed that TCs 

were most likely to complete ET if they were at least hurricane strength immediately prior to recurvature.  

While the vortex in FULL reached an intensity of 80 mph (corresponding to a Cat 1 hurricane), the FDTC 

vortex was only 40 mph (corresponding to a weak tropical storm).  After 48 hours of FULL simulation 

time (validating after 19 September 2008 00 UTC), EPV associated with the Sinlaku vortex as it 

underwent transition was reduced in magnitude from the initial TC vortex; it was also thinned and 

elongated due to the storm entering the baroclinic environment of the mid latitudes. The deformation of 

the EPV field is indicative of ET being underway in the FULL simulation at this time. 

 

4.1 Steering 
 
     Environmental steering of TCs is the dominant contribution to storm motion and has been shown to 

depend partly on storm intensity (Velden and Leslie 1991).  Steering of a TC depends on the 

environmental flow through the depth of the system, so weaker TCs are steered by a shallower layer than 

stronger TCs.  The deep-layer mean wind was calculated as a mass-weighted average of the horizontal 

winds with in a 45 km radius centered on the TC over a range of layers to determine the depth of the 

steering flow that was most representative of the speed and direction of the storm motion (e.g. Prater and 

Evans 2001).  In both the FULL and FDTC simulations the magnitude of the steering currents was less 

than the speed at all times (Fig. 4-4).  Consistent with their relative intensities, the more intense FULL 
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simulated storm was affected by the environmental flow in a much deeper layer (900-200 hPa); (Fig. 4-4), 

while the weaker FDTC simulated storm was steered on average by the deep-layer mean environmental 

flow within the 800-500 hPa layer.  In the FULL simulation, the 72 hour integration had no deep-layer 

mean levels that corresponded to the simulated storm motion because the simulated storm was just exiting 

Japan and the wind fields in this small region centered on the TC were strongly influenced by the 

topography. 

     Even though the FULL and FDTC simulated TCs are steered over such different layers, comparison of 

the 700-200 hPa layers (Fig. 4-3) reveals substantial differences in their synoptic patterns  The subtropical 

high in the FULL simulation was weaker compared to the subtropical high in the FDTC simulation and 

extended out to 124°E on 19 September 2008.  The subtropical high in the FDTC simulation was weaker 

by 8 hPa, extending out to 120°E by the end of the simulation.  In the FULL simulation, the development 

of a short-wave trough to the east of Sinlaku limited the westward development of the subtropical high 

compared to the FDTC simulation (Fig 4-3).  These differing patterns and the distant approach of TC 

Hagupit resulted in a more eastward steering in the FULL simulation than in the FDTC simulation (Figs. 

4-3, 4-4). 
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 (a) (b) (c) (d

 (e) (f) (g) 
 
Figure 4-4: Deep-layer mean wind vectors (purple), simulated TC motio
motion from the JTWC observed best track (black) for FULL (a-d) and
hour from the beginning of the simulation.  The deep-layer mean value f
the 900-200 hPa layer, while the deep-layer mean value for the FDTC cas
layer. 
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Figure 4-5: Hodographs [m s-1] with 900 hPa (red), 700 hPa (orange), 500 hPa (green), 300 hPa (blue) 
and 100 hPa (purple) winds.  The vectors were averaged winds vectors from the center of the storm to a 
radius of 45 km, as well as a ring centered at the storm core with a radius of 100-300km.    
 
     Initially, the storm on 17 September 2008 00 UTC, was not under the influence of the 500 hPa trough, 

thus the shear in the TC core was backing (cold air advection) at the surface and veering (warm air 
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advection) near the top of the vortex.  The shear associated to the environment (100-300 km averaged 

wind vectors) is a southern flow at the surface, while above the 500 hPa level it was a northern flow (Fig 

4-5).  The flow for 18-20 September within the core of the FULL simulated storm was veering.  On 21 

September, the FULL simulation core shear (0-45 km averaged wind vectors) was unidirectional.  

Meanwhile, the environmental shear (100-300 km) in both the FULL and FDTC simulations was small.  

However, on 20 September 2008 the shear was strong enough (10 m/s) between the 500-300 hPa layer 

that could cause potential problems to the TC if this shear persisted.  From the hodographs (Fig. 4-5) 

there is a sharp change (southerly to northerly flow) in wind direction around the 500-100 hPa layer.   

     In the FULL simulation the storm does experience feel any significant amount of shear until after 19 

September.  The surface winds on 19 September 2008 00 UTC were stronger than the upper level winds 

due to the fact that the FULL TC was simulated to be over Japan at that time (Fig 4-1, 4-5), hence 

interacting with land.  Also, as forecast lead time increased so did the surface winds until the rapid 

weakening after 20 September 2008 00 UTC (Fig 4-2).   

     The FULL simulated storm (near the core) was influenced by the 500 hPa trough on 20 September 

2008 00 UTC, through the KE field on the 19 September 2008 00 UTC was asymmetric at the 500 hPa 

level (Fig. 4-5, 4-10). This asymmetry is suggestive of a possible interaction between the TC and the 

trough on 19 September, but since the FULL TC was simulated over land (~200 km difference with the 

observed storm location) topography complicates this interpretation.  Near the end of the FULL run from 

20 September 00 UTC through 21 September 00 UTC, the simulated storm was strongly sheared; 

however, the 900-200 hPa deep-layer mean wind was still representative of the storm motion through this 

period (Fig. 4-4d). 

     Since the FDTC storm was mostly steered by the 800-500 hPa deep-layer mean wind, shear in those 

levels would significantly impact the storm (Figs. 4-4e-g, 4-5).  The amount of shear in the core for the 

first 24 hours of the simulation suggests that the storm was being sheared apart at pressures less than 500 

hPa.  Environmental shear was so small it had no effect on the storm.  Jones (2000) found that the 

influence of vertical wind shear on dry dynamical storms was to tilt the TC vortex, thus further increasing 
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the susceptibility of the TC to shear.  Within this tilting, the TC creates potential temperature anomalies 

within its vortex.  The influence of the moist physics with respect to potential temperature anomalies will 

be explored in the following section. 

4.3 Inner Core 
 
     It is helpful to examine the storm relative equivalent potential temperature (	
��) to explore the core 

changes as the simulated TC interacts with a baroclinic environment. The anomalous equivalent potential 

temperature was calculated by zonal average of the equivalent potential temperature at 500 hPa on the 

innermost domain and then subtracting those averages from the equivalent potential temperature field on 

that domain.  This allows for interpretation of storm relative equivalent potential temperature differences. 

The evolution of the 500 hPa 	
�� in the FULL simulation is illustrated in the leftmost panels of Fig. 4-6, 

where warm (cool) colors mean moist warmer (drier cooler) air; the next two columns are the infrared and 

water vapor satellite imagery centered on Sinlaku for the same times. Equivalent diagnostics for FDTC 

are plotted in Fig. 4-7. 
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eft) FULL simulation contoured mean sea level pressure [hPa] and shaded 500 hPa 
uivalent potential temperature [K] on the innermost domain, (center) with corresponding 
and  (right) water vapor satellite imagery.  The fields from 17 Sept 00 UTC are the same as 
for that time, since these represent the initial conditions for both simulations.  Also the 
cales are the same as in Fig. 4-7.  Each panel is centered over the storm center and extends 
n of heavy deep convection. 
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     The initialized storm had a moist warm core that is stronger on the southern side, but in the eastern 

half of the storm there is little moist warm air.  Comparing the location of the simulated moist warm air 

with the cold convective cloud tops in enhanced IR satellite imagery (over the core and eastern half of the 

storm) the two would not correlate well.  When the FULL simulation (Fig. 4-6) moves 6 hours forward in 

time the warm core is much stronger than in the FDTC simulation (Fig. 4-7).  The weaker warm core 

found six hours into the FDTC simulation made the core of the TC much more susceptible for cooler and 

drier air to entrain into the core.  When observing the anomalous equivalent potential temperatures at 850 

hPa (not shown) compared to the 500 hPa level, there were sharper gradients between the moist warm air 

and dry cold air near the air mass boundaries at the 850 hPa level were hard to define, and finer details 

found in the in the FULL simulation (Fig. 4-6), like banding and frontogenesis were not as evident as in 

the 500 hPa level.  This suggests that the TC in each simulation was driven by competition between 

surface fluxes, which were needed for TC maintenance as a tropical system, and upper tropospheric 

processes, which aid in transition if the vortex is sustained through the initial onset of the environmental 

shear.  Finally, relatively dry and cool air can be found near the TC vortex in the FDTC simulation. 

     In the FULL simulation, the warm-core TC became much warmer and moist than the FDTC; the 

cooler, drier air did not get a chance to penetrate into the core to begin eroding it. In the water vapor 

satellite imagery (Fig. 4-6b, right panel) the core for the first six hours on the 17th has large amounts of 

water vapor and strong convection which is indicated by shades of yellow in the infrared satellite imagery 

(Fig 4-6b, central panel).  Thus, it is very clear that the first six hours between these two simulations set 

the stage for further transition or dissipation of the TC core. Near the end of the FULL simulation (19-20 

September 2008 12 UTC) there was evidence of warm and cold frontogenesis forming as can be seen by 

the predominant banding features, which are more prominent on the 19 September 2008 satellite imagery 

(Fig. 2-2c and 4-6c, central and right panels).  Thus, this delay in frontogenesis within the simulation with 

respect to observations suggests that the observed trough had a stronger projection in the vertical 

(compared to the simulation) and so could drive the frontogenesis. 
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     In the FDTC simulation, the TC had entrained a considerable amount of cold dry air to the south in the 

first 24 hours, almost isolating the warm-core from the moist tropical environment by 18 September 

12 UTC (Fig. 4-7).  As the cooler and drier air began to wrap around the FDTC simulated storm, it would 

eventually eroded the core, thus weakening the storm until it dissipated on 19 September 2008 12 UTC.  

The influence of the moist physics and the kinetic energy on the evolution of the trough and TC, and 

possible interactions between the two systems, will be explored in the following section. 

 

Figure 4-7: FDTC contoured mean sea level pressure [hPa] and shaded 500 hPa anom
potential temperature [K] on the innermost domain. Domain size is the same as that d

 

17 Sept 00 17 Sept 06

18 Sept 12 19 Sept 00
 UTC 
 UTC 
 UTC 
 UTC 
 

alous equivalent 
epicted in Fig. 4-6. 
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4.4 Turbulent Kinetic Energy 

     Each weather system is a turbulent eddy on the average background flow.  The kinetic energy (KE) of 

each system is a measure of its increasing or decreasing intensity, thus the evolution of the KE associated 

with the TC and 500 hPa trough provides a summary measure of the evolution of the overall system 

strength. 

     The trough in the FULL simulation was north of the TC 24 hours into the simulation and moved 

eastward approximately 1000 km per day.  As the 500 hPa trough moved eastward, it gained in KE, even 

when the FULL TC was undergoing transition.  The 500 hPa trough in the FULL simulation lost KE 

before it moves northeast over the last 18 hours of the simulation (20 September 06 UTC to 21 September 

00 UTC).  On 18 September 2008 12 UTC the FULL simulation TC actually lost KE at the 850 hPa, 700 

hPa, and 500 hPa levels (Fig. 4-8 and 4-9a).  The magnitude of the TC KE in the FULL simulation is 

inversely proportional to the magnitude of the 500 hPa trough KE in the FULL simulation (Fig 4-9a), but 

correlation does not mean causation.   The question of whether Sinlaku influenced trough development in 

the FULL simulation is a crucial to understanding the underlying physics in this ET event. Additional 

approaches to exploring this question are discussed in Chapter 5 below.   

     On 18 September 2008, the observed 500 hPa trough was just north of the TC (depicted in the 

ECMWF analysis in Fig. 2-4) and as it moved to the east over the subsequent 30 hours the TC lost KE, 

and the 500 hPa trough gained KE at 500 hPa, which also occurred in the FULL TC simulation.  In the 

FULL TC simulation the amount of KE that was lost by the TC vortex at 850 hPa (20 m2 s-2) was much 

greater than that at the upper levels, i.e.  500 hPa (15 m2 s-2), indicating that the vortex was weakening 

from below.  The TC vortex simulated in FULL became an open wave on 19 September 2008 00 UTC, 

and had an asymmetric wind field, however not to the same meridional extent to that of the observed TC 

(Fig. 2-4b) as represented in the ECMWF analyses (which completed ET on 21 September 12UTC, so 

within the simulation timeframe).  The FULL TC vortex eventually became an open wave after the 500 

hPa trough was to its east. 
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     Without latent heating continuously feeding the TC in the FDTC simulation, it weakened dramatically 

and was advected northward by the 850-500 hPa mean steering flow (Fig. 4-3) and the remnants of the 

TC made landfall on mainland China.  Loss of KE through the entire depth of the FDTC storm vortex 

illustrated the importance of latent heating for the maintenance and development of the TC, even more so 

for the TC to become sufficiently strong in its tropical phase to undergo ET (Hart and Evans 2001).  Since 

the TC was to the west of the trough axis within 24 hours of the FDTC initialization, there was no 

interaction of the trough with the TC, which is evident in the PVU field (Fig. 4-3).  The trough was still 

gaining KE in both simulations as the TC was losing KE (Fig. 4-9a, b).  The 500 hPa trough that aided in 

the transition of TC Sinlaku was  more reduced in geographical extent in the FDTC simulations (Fig. 4-8) 

than in the FULL simulation and so had a shallower signature of weak shear in the vicinity of the FDTC 

vortex (Fig. 4-7).  After the storm dissipated on the 19 September 2008, the 500 hPa trough tracked to the 

east faster than the FULL simulation, which is consistent with the absence of the cyclonic circulation to 

the south of the steering trough.  According to the KE in the FDTC simulaion on 20-21 September 2008, 

the 500 hPa trough was weaker than in the FULL simulation. The midlatitude cyclone that appears to the 

east of TC Sinlaku in both simulations moves slower towards the east in the FDTC run.  The same 

midlatitude cyclone in the FDTC simulations interacts with the 500 hPa trough on 19 September 2008 00 

UTC.  In both simulations the trough at 500 hPa weakened after the 20 September 2008, suggesting that 

the weakening of the trough in the FULL simulation is not entirely attributed to the TC. 
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Figure 4-8: The 500 hPa vector winds [m s-1], and shaded values of kinetic energy [m2  s-2] for TC Sinlaku 
simulations.  Simulations differ only due to variation between (left) FULL and (right) FDTC simulations.  
The red annulus encloses the TC circulation and the black line defines the interacting trough axis. 

FULL 

19 19 

18 18 

20

21 

17 Sept 

20

21 

FDTC 
Sept 
 Sept 
Sept 
 Sept 
Sept 
Sept 
Sept 
Sept 



27 

 
(a)                                                                                 (b) 

Figure 4-9: Area averages of total kinetic energy [m2 s-2 area-1] for both TC Sinlaku (area over a circle 
with 500 km in radius) and the 500 hPa trough for (a) FULL and (b) FDTC simulation.  The kinetic 
energy for the 500 hPa trough is the average over the area from the trough axis ±1000 km in the 
horizontal and from 45-50oN. 
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Chapter 5 
 

Summary and Conclusions 

     The extratropical transition (ET) of a tropical cyclone (TC) is a continuum of nature and not a binary 

process.   The timeline below (Fig. 5-1) reflects this fact. It represents the timing of ET onset and ET 

completion of TC Sinlaku based on the Joint Typhoon Warning Center (JTWC) and Japan Meteorological 

Agency (JMA) discussions, Cyclone Phase Space parameters evaluated using analyses from the ECMWF 

deterministic forecast model and its 50-member ensemble, and conducting a similar analysis to Klein et al 

(2000).  Using the ECMWF ensemble gives a range of possible ET onset and completion times. However, 

the timing of early and late ET onset and completion could span a different number of days (Fig. 5-1, 

Table 5-1). 

 

 
Figure 5-1: Time line of the temporal range of ET onset (blue boxes) and completion (orange boxes) for 
the 50-member (50m) ECMWF ensemble forecasts initialized on 12-18 September 2008 00 UTC, the 
deterministic ECMWF analysis through this period, JTWC and JMA discussions, and an analysis of 
satellite and other data following the approach of Klein et al. (2000). All dates are for September 2008. 
 
 
      

  

ET completion 

ET onset 
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     The sensitivity of simulations of the ET of TC Sinlaku to the choice of model physics has been amply 

demonstrated in this study.  The absence of latent heating in a simulation before ET onset of TC Sinlaku 

(the FDTC simulation) resulted in huge departures from the observed storm and from the FULL 

simulations; tracks and intensities from the simulations differed substantially, as did their structural 

evolution.  In correspondence with their different intensities and convection structures, the tracks between 

the FULL and FDTC simulations were influenced by different deep-layer mean steering levels.  In the 

FULL simulation the subtropical high was not as strong as in the FDTC simulation which allowed the 

storm to continue moving northeast in broad agreement with the observed storm track. In the FDTC 

simulation, the dry storm moved northward and did not appear to interact with the midlatitude trough to 

its north and east.  The storm in the FDTC simulation dissipates within 60 hours by the 19 September 

2008 12 UTC forecast, never underwent ET transition, and lost most of its kinetic energy (KE).  

Meanwhile, in both simulations the 500 hPa trough gained some TKE out to 19 September 2008 but 

losses some TKE after 20 September 2008. 

     In the FDTC simulation, the storm had a weak moist warm-core, which was more vulnerable to the 

negative effects of cooler dryer air being entrained into its core.  Meanwhile, in the FULL simulation, the 

TC core became much warmer and moister than in the FDTC case. This strong warm core corresponded 

to a stronger, more inertially stable vortex, such that the cooler drier air did not get a chance to penetrate 

into the core.  In fact, near the end of the FULL simulation (19-20 September 2008 12 UTC) there is 

strong evidence of frontogenesis forming in the 500 hPa anomalous equivalent potential temperature 

fields. These differences in the moisture evolution around the storm provide some insight as to why the 

FDTC storm was much more sensitive to vertical wind shear than either the observed Sinlaku or the 

FULL vortex. 

     Through having explored the impact of the moist physics on the TC and trough in this project, 

comparisons between the two simulations raise questions on the contribution of the TC to the trough 

development.  Thus, future work would consist of removing the TC from the initial conditions.  After the 

TC has been removed from the initial conditions, two more simulations would be conducted following the 
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same physics and domain as in the FULL and FDTC simulations.  These two simulations would help 

explore the evolution of the 500 hPa trough in the absence of TC.  
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