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Abstract

1) Introduction

a) Background

The State of New Jersey is relatively protected from direct tropical cyclone impacts when compared to the Carolinas to the south and New England to the northeast.  Due to the geographical makeup of the coastline of the Middle Atlantic, direct impacts are relatively uncommon, with one hurricane and seven tropical storms making landfall along the 209 kilometer New Jersey coastline during the 20th century (Landreneau 2003).  The state is far more vulnerable to the indirect impacts of strong hurricanes passing off to the east [e.g., Hurricane of 1938 (Tannehill 1938; Pierce 1939)] or decaying inland tropical systems which had previously made landfall along the Southeastern [e.g., Hurricane Floyd in 1999 (Colle 2003)] or Gulf Coast states.  While offshore storms often result in brief periods of inclement weather and rough seas at the coast, the decaying inland tropical systems can have a significant impact on sensible weather throughout the entire state for periods greater than twenty-four hours.  These impacts become more pronounced as the decaying system begins to undergo an extratropical transition (ET) into a strong midlatitude storm as it moves through the region.  These extratropical storms of tropical origin can result in an expansive area of gale force winds, heavy rainfall, and high seas over a larger area than the size of the originating tropical cyclone (Jones et al. 2003; Evans and Hart 2003).  A rather infamous example of this type of event in the history of New England was the Hurricane of 1938 (Tannehill 1938; Pierce 1939).  The 1938 New England hurricane is one of the most costly on record when adjusted for inflation, and a repeat of the event would result in significant property and economic damage.  Hurricane Floyd (Colle 2003) is an example of where the effects of ET were not solely based on wind damage, but rather resulted in devastating flooding rainfall throughout the Mid-Atlantic States in 1999.  One such recent extratropical transition event to impact the Middle Atlantic region, and the state of New Jersey, is Hurricane Ernesto.  

b)   Storm History

  Ernesto (Figure 1) developed into a Tropical Depression on 24 August 2006 just east of the Lesser Antilles.  Ernesto briefly intensified into a Category 1 hurricane on the Saffiir-Simpson hurricane scale (Simpson and Riehl 1981) on 27 August, however interactions with the mountainous terrain of Hispanola diminished the intensity of the storm to a Tropical Storm on 28 August.  Ernesto made initial landfall in the United States along the Southern Florida coast at 0300 UTC 30 August 2006 with 20 m s-1 sustained surface winds, as a weak Tropical Storm.  Ernesto re-emerged over the Atlantic Ocean on 31 August, and strengthened before a second landfall along the North Carolina coast at 0340 UTC 1 September 2006 with 30 m s-1 sustained surface winds, as a strong Tropical Storm.  Ernesto weakened to a Tropical Depression at 1200 UTC on 1 September, and was declared Extratropical at 1800 UTC on 1 September over Southern Virginia with estimated surface winds of 20 m s-1.  

c)   Synoptic Analysis and Storm Track

A large surface high-pressure system (1032 hPa) was positioned over Quebec on 1 September (Figure 2a) as Tropical Storm Ernesto made landfall along the North Carolina coast.  This area of high pressure slowly moved southward over the next day (Figure 2b) as Ernesto continued a slow progression to the north.  A large surface low-pressure area (997 hPa) was moving southeastward through Central Canada.  Ernesto moved slowly northward through the Middle Atlantic States, before accelerating through New York State and into Southeastern Canada as the larger extratropical storm to the west was located near the Great Lakes on 4 September when the remains of Ernesto were absorbed into the larger extratropical storm.

The storm produced gale force sustained surface winds throughout the State of New Jersey from midday on 1 September through then evening of 2 September, with Tropical Storm to near Hurricane Force wind gusts along the coastline due to the interaction of Ernesto and the large Canadian High pressure area to the north.  This interaction also led to significant rainfall of 30-100 mm throughout the region, much of which resulted from the presence of a strong, slow moving rain band which developed along a warm front extending eastward from the center of the remnant circulation of Ernesto during the ET phase of the event.

d)   Extratropical Transition


Extratropical Transition has been a growing avenue of research within the meteorological community in recent years.  The North Atlantic Ocean basin typically records four storms annually which transition to extratropical storms (Hart and Evans 2001), of which the majority occur between the latitudes of Cape Hatteras and the Gulf of Maine.  These storms may result in significant amounts of damage well after they have moved onshore and entered the midlatitudes, when official warnings have been discontinued (Jones et al. 2003).  A lack of understanding of the complex nature of the physical interactions inherent to the ET process can result in poor modeling simulations and operational forecasts of ET storms (Jones et al. 2003; Evans and Prayer-Mayes 2004).


Physical changes to a tropical cyclone during the ET phase have been documented to include: an erosion of convection on the south and west portions of the storm (Ritchie and Elsberry 2001) taking on the characteristics of an extratropical storm, an asymmetric rain shield with enhanced precipitation to the left of the track, an asymmetric wind field which expands in area, a rapid increase in forward speed (Jones et al. 2003), as well as increased baroclinicity and surface frontogenesis (Evans and Prater-Mayes 2004).  The transition phase occurs over a period of time, and not all of these transformations occur instantaneously (Evans and Hart 2003).  


Ernesto was declared Extratropical by the NHC at 1800 UTC on 1 September; however the transformation stage persisted into 2 September.  MODIS visible satellite imagery depicts the changes in the overall cloud structure at 1832 UTC on 31 August (Figure 3a), 1556 UTC on 1 September (Figure 3b), and 1819 UTC on 2 September (Figure 3c).  The visible satellite imagery shows Ernesto as a tropical storm, at the beginning of ET with the initial development of frontal features present, and towards the end of ET with frontal features fully evident and a very asymmetric cloud structure.  

This study focuses on the impacts of the successful real-time simulation of the ET transition of Hurricane Ernesto using the Weather Research Forecast (WRF) model within the framework of a Coastal Ocean Observing System, which will be discussed in Section 2. The real-time WRF model forecast of Ernesto at Rutgers University, comparisons with operational NCEP models, and WRF model validation will be discussed in Section 3.  Results of sensitivity tests using the WRF model at Rutgers varying resolution, model physics, and sea surface temperatures will be discussed in Section 4.  The impacts of the success of the real-time WRF model forecast to the Rutgers University Coastal Ocean Observation Lab (RUCOOL), state government, public utilities, and agricultural users will be discussed in Section 5.  

2) Methods

Coolroom description : Scott

The WRF-ARW model is run in real-time at RUCOOL for use in both research and planning purposes and is distributed to the public via the world wide web.  Operationally, RUCOOL employs model domains which are run throughout the course of a day for the Middle Atlantic region, with spatial resolutions of 18 kilometer and 10 kilometer with a nested 2.5 kilometer grid, and 12 kilometer with a 4 kilometer nested grid.  The 18 kilometer and 10 kilometer domains at the time used boundary conditions from NCEP GFS, and the 12 kilometer domain used boundary conditions from NCEP NAM.  Sea surface temperatures from NOAA’s 1/12° RTG_HR analysis are used in the initialization of the model.  The freely available Grid Analysis and Display System (GrADS 1.94) (Doty and Kinter 1995) was used to plot model data.  

3) Real-time Ernesto Forecast

a)   1200 UTC 31 August 2006 Forecast Cycle


The real-time WRF model forecasts run at RUCOOL (RU-WRF) indicated that the remains of Ernesto would track slowly northward, west of Chesapeake Bay and through Central Pennsylvania before turning rapidly northwestward.  The RU-WRF 18 kilometer operational model forecast indicated that Tropical Storm force sustained winds would impact the Middle–Atlantic coastline, including New Jersey and Long Island (Figure 4).  The RU-WRF track more accurately depicted the actual track of Ernesto.  

b)   RU-WRF Model Validation

4) Sensitivity of Extratropical Transition Using the Weather Research Forecast Model

Base + Sensitivity to SST/Physics/Resolution

a)   Setup


A series of sensitivity model forecasts were performed using the WRF model.  The base case was developed using a domain with a spatial resolution of 18 kilometers with the same physics and microphysics options and 1/12 degree resolution SST as those used in the operational 18 kilometer RU-WRF forecast.  For the sensitivity tests, spatial resolution, model physics, and SST spatial resolution were varied.  Spatial resolution was varied to include 18 kilometer, 37 kilometer, and 100 kilometer.  The base set of model physics were the Betts-Miller-Janjic scheme (Janjic 1994, 2000) for cumulus physics, WSM Single-Moment 5-class scheme (Hong et al. 2004) for microphysics, the Mellor-Yamada-Janjic scheme (Janjic 1990, 1996, 2002) for planetary boundary layer physics, Janjic Similarity (Janjic 1996) for surface layer physics, and the Noah Land Surface Model (Chen and Dudhia 2001) was used for soil conditions.  Model physics were varied to include the New NAM Kain-Fritsch scheme (Kain and Fritsch 1990, 1993) for cumulus physics, New Ferrier scheme (Ferrier 1994) for microphysics, the NCEP Global Forecast System (GFS) scheme (Hong and Pan 1996) for planetary boundary layer physics, and the NCEP Global Forecast System (GFS) scheme (Hong and Pan 1996) for surface layer physics.  The base SST used in the RU-WRF model is the experimental 1/12 degree SST product from NCEP.  For the sensitivity study, the SST was varied with the operational ½ degree SST used operationally in the NCEP model runs.  The model simulations were initialized at 1200 GMT August 31, 2006 using operational NCEP GFS model data as boundary conditions, which are imposed on the simulation every 12 hours of model time.  The model simulations were run out to 60 hours, ending 0000 GMT September 3, 2006.  

b)   Results


The various sensitivity runs were compared to the base 18 kilometer, RU-WRF physics, Hires SST base case.  The simulations were mapped to a comparable spatial grid and differenced using the GrADS 1.94 software package.  The track plots for the model sensitivity simulations using the RU-WRF physics configuration are shown in Figure xx, and the similarly for the GFS physics configuration are shown in Figure xx.  Overall, the model physics package used showed the largest disparity to the base case for both storm track and 10 meter wind speed.  Model spatial resolution was of secondary importance for both storm track and 10 meter wind speed.  As model resolution decreased, the storm track was displaced westward.  The 37 kilometer spatial resolution cases were of a similar storm track to the base GFS boundary conditions, while the 100 kilometer spatial resolution cases were displaced farther westward.  Spatial resolution of the input SST was of the least importance, with similar solutions for cases of similar physics and resolution.  The difference between the model tracks at lower resolution became less apparent as the spatial resolution of the model was decreased.  For example, there was a larger difference between the model solutions of the 18 kilometer spatial resolution cases with varying SST than the 37 kilometer and 100 kilometer spatial resolution cases.  At 100 kilometer resolution, the results of varying the SST resolution were negligible for both wind speed and storm track.


The base case is presented in Figure xx, with 10 meter wind speed displayed at 0300 GMT and 1500 GMT 02 September 2006.  At 0300 GMT, the center of Ernesto is located over Eastern Virginia and is shown to have an area of calm winds in the vicinity of the center of circulation.  The overall wind field is symmetrical, with stronger winds located to the north and east of the center.  At 1500 GMT, the center of circulation had moved into Central Maryland, and the wind field at 10 meters had become very asymmetric, with light winds to the south and west of the center of circulation, with the strongest winds displaced to the north and east of the center, and extending well offshore.  


The base case was then compared to the sensitivity cases to highlight differences in forecast track and wind speed.  Figure ?? a-f shows 10 meter wind speed at 0300 and 1500 GMT for the cases in which spatial resolution, sea surface temperature, and physics configuration were varied.  At a 37 kilometer spatial resolution, the overall structure of the storm system is significantly degraded, with an exposed center of circulation well inland along with lower wind speed in all areas.  The primary impact of resolution is with the overall placement of the synoptic features, with much of the wind speed difference occurring due to the placement of the center of circulation farther south and west compared to the base case.  At 18 kilometer spatial resolution and low-resolution SST, the overall structure of the storm system is similar to the high-resolution base case; however the storm track is slightly farther inland and wind speeds are slightly reduced from the base case.  A stronger center of circulation is depicted at 0300 GMT, but the difference is less by 1500 GMT.  When the physics configuration is changed to reflect the Operational GFS scheme, the structure of the storm is somewhat degraded, the storm track is slightly farther inland, and the intensity of the onshore fetch is significantly reduced, with significantly lower wind speeds to the north and east of the center of circulation.  The impact of varying the physics configuration is complex, with an overall under prediction of the strength of the remnant of Ernesto, and subsequent under prediction of the pressure gradient to the north and east of the center of circulation.  Additionally, the mesoscale nature of the feederband co-located with the region of the strongest pressure gradient is poorly simulated, leading to displacement errors offshore.  

5) Operational Impacts 

Scott

a)   Ocean Forcing

· CODAR & SW06

b)   Rainfall

· Del River Basin Commission

c)   Users

· PSEG

· Agriculture

6) Summary and Discussion
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Figure Captions

Figure 1. NHC Best Track Analysis - Red (hurricane), yellow (tropical storm), green (tropical depression), white (extratropical)

Figure 2. North American Regional  Reanalysis - Sea Level Pressure

(a) 01 Sep 2006 0000 GMT 

(b) (b) 02 Sep 2006 0000 GMT

Figure 3. 

(a) MODIS Visible 31 Aug 2006 1832 GMT 

(b) MODIS Visible 01 Sep 1556 GMT 

(c) MODIS Visible 02 Sep 2006 1819 GMT

Figure 4. 

(a) Operational Model Tracks  31 Aug 1200 GMT cycle - Yellow: NHC, Orange: RU-WRF, Blue: GFDL, Red: GFS, Blue: Nogaps, Green: NAM

(c) NHC TS Force Probabilities  01 Sep 2006 0600 GMT

(d) RU-WRF Tropical Storm Force (34kt) Sustained Winds

Figure 5. 

(a) RU-WRF 10 kilometer compared to CODAR, 01 Sep 2006 1900 GMT

(b) RU-WRF 10 kilometer compared to CODAR, 02 Sep 2006 0700 GMT

(c) RU-WRF 10 kilometer compared to CODAR, 02 Sep 2006 1900 GMT

(d) RU-WRF 10 kilometer compared to CODAR, 03 Sep 2006 0100 GMT

(e) RU-WRF 10 kilometer compared to CODAR and NWS radar, 02 Sep 2006 1300 GMT

Figure 6. RU-WRF 18 kilometer compared to NOAA MARFC Rainfall Estimates

Figure 7. Model validation Del Bay Buoy 44009, 01 Sep 2006 0600 GMT to 03 Sep 2006 0000 GMT

(a) Wind Speed – Red: RU-WRF, Blue: Obs, Green: NCEP GFS, Black: NCEP NAM

(b) Wind Direction– Red: RU-WRF, Blue: Obs, Green: NCEP GFS, Black: NCEP NAM

Figure 8. Model validation Ambrose Tower ALSN6, 01 Sep 2006 0600 GMT to 03 Sep 2006 0000 GMT

(a) Wind Speed – Red: RU-WRF, Blue: Obs

(b) Wind Direction– Red: RU-WRF, Blue: Obs

Figure 9. RU-WRF 18 kilometer Base Case 02 Sep 2006 0300 (a) and 1500 (b) GMT

Figure 10.  Resolution Sensitivity Case 02 Sep 2006 0300 (a) and 1500 (b) GMT

Figure 11. SST Sensitivity Case 02 Sep 2006 0300 (a) and 1500 (b) GMT

Figure 12. Physics Sensitivity Case 02 Sep 2006 0300 (a) and 1500 (b) GMT

Figure 13. Resolution Sensitivity Case Difference 02 Sep 2006 0300 (a) and 1500 (b) GMT

Figure 14.  SST Sensitivity Case Difference 02 Sep 2006 0300 (a) and 1500 (b) GMT

Figure 15. Physics Sensitivity Case Difference 02 Sep 2006 0300 (a) and 1500 (b) GMT

Figure 16.  GFS Physics Scheme Model Tracks 31 Aug 2006 1200 GMT cycle

Yellow: NHC, Red: 18kilometer/hi, Blue: 18kilometer/lo, Brown: 37kilometer/hi, Lgt Grn: 37kilometer/lo, Green: 100kilometer/hi&lo

Figure 17.  RU-WRF Physics Scheme Model Tracks  31 Aug 1200 GMT cycle

Yellow: NHC, Red: 18kilometer/hi, Blue: 18kilometer/lo, Brown: 37kilometer/hi, Lgt Grn: 37kilometer/lo, Green: 100kilometer/hi, purple: 100kilometer/lo

Table 1.  Sensitivity Test Matrix


