
ABSTRACT 

DALE, FRANK JORDAN. Diagnosing Processes Modulating Precipitation Distribution 
during Landfalling Tropical Cyclones in the Carolinas and Virginia. (Under the direction of 
Dr. Gary Lackmann). 
 

One of the greatest threats to life and property from landfalling tropical cyclones 

(TCs) is freshwater flooding. However, the complicated interplay of processes that can 

modulate landfalling TC precipitation distribution makes quantitative precipitation forecasts 

(QPFs) for these events a challenging but important task for forecasters. The purpose of this 

study is to: 1) isolate the role of physical processes in modulating precipitation distribution 

during landfalling tropical cyclones in the Carolinas and Virginia and 2) investigate the 

predictability of these processes and their impact on observed precipitation amounts and 

QPFs. Based upon data availability, forecaster comments, the presence of a frontal boundary, 

and its relatively high impacts for a tropical storm, TC Ernesto (2006) was selected as a case 

for further study.  

 Using observational data, it was determined that cold air damming (CAD) 

developed following a predecessor rainfall event (PRE) preceding the landfall of TC Ernesto. 

Numerical modeling was used to test the relationship of the TC to the PRE and the PRE and 

CAD to TC precipitation distribution.  Numerical forecasts did not replicate the observed 

CAD intensity, and a persistent westward bias in TC track and precipitation distribution 

appeared in all members of lagged-average, initial condition, and physics ensembles. 

Experimental runs found that after removing the TC vortex, the TC did not enhance moisture 

or precipitation within the PRE region in the case of TC Ernesto. The PRE enhanced CAD 

over the Carolinas due to the production of a cold pool and caused an eastward modulation of 



a surface thermal boundary preceding TC landfall. Finally, the development of CAD over the 

Carolinas and Virginia approximately 24 h in advance of TC landfall led to an eastward 

deviation in TC track and precipitation distribution. The implications of these results on 

QPFs for landfalling TCs include:  1) TCs do not always enhance downstream mesoscale 

convective systems, 2) diabatically-enhanced CAD preceding TC landfall can potentially 

lead to an eastward shift in TC track and precipitation distribution over the Carolinas and 

Virginia, and 3) complex process interactions during landfalling TCs are sensitive to 

resolution, initial conditions, and choices of model physics; even an ensemble modeling 

strategy was unable to produce forecasts that accurately reproduced the track of TC Ernesto. 
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BIOGRAPHY 

 Jordan was born in Nashville, Tennessee on October 19, 1987, and grew up in nearby 

Columbia, Tennessee. Some of his earliest memories include watching thunderstorms and 

hailstorms on summer afternoons. However, nothing brought more joy than snowstorms and 

the school closings that come with them in Tennessee. Likewise, nothing brought more 

anguish than busted predictions of snowstorms and the cold, rainy school days that resulted. 

A particularly long stretch of school closings happened in 1994 during a severe ice storm. 

While listening to the loud booms of trees falling in his backyard huddled under blankets in 

the sub-freezing air inside his bedroom, Jordan learned that severe weather can lead to fear 

and suffering sometimes. After thawing out from a week without power (and school), an 

unusually warm, windy, humid afternoon in April 1998 reiterated the fear severe weather can 

bring. After a tornado had moved through downtown Nashville, the rare experience of 

watching the local news station broadcast go off the air happened. The real fear struck when 

Jordan’s dad called him to the back porch, and with a serious look told him to listen quietly. 

Looking towards the thick, green canopy of the woods, he felt and heard a deep, low rumble. 

It was the freight train sound of an F-5 churning through the hills to the south. The true 

significance of the event struck the next morning after finding checks, photographs, and 

insulation scattered throughout his backyard. After a few more close calls with tornadoes and 

many more frustrating experiences of busted snowstorm forecasts, the motivation was in 

place to understand why these events happen. Upon graduating high school from Zion 

Christian Academy in 2006, he enrolled at Penn State University to pursue a bachelor’s 

degree in meteorology. While at Penn State, he was active in the Campus Weather Service’s 
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radio, video, and newspaper branches which allowed him to gain valuable experience both 

forecasting and communicating those forecasts to the public. During the spring of 2009, 

Jordan took a brief hiatus from the weather world to study abroad in Rome, Italy. With a 

newfound appreciation for la dolce vita, he hopped on another plane to Anchorage, Alaska. 

He spent the summer of 2009 interning at the National Weather Service’s Alaska Aviation 

Weather Unit, where he completed studies about synoptic patterns conducive for high-impact 

aviation weather along with many adventurous hikes in the Alaskan wilderness. After several 

months of jet setting, he worked with the Pennsylvania State Climatologist during his final 

year at Penn State completing winter weather forecasts for the Pennsylvania Department of 

Transportation and testing different long-range forecasting techniques for various major 

cities across the Continental United States. However, the fun came to an end in May 2010 

when he graduated from Penn State with a B.S. in Meteorology with an emphasis on Weather 

Forecasting and Communications. A surprise phone call for an interview from Trinity 

Consultants led to his next adventure where he worked for a year as an environmental 

consultant in Baton Rouge, Louisiana. However, he quickly realized that forecasting and 

studying the weather were his true passions. So he got in touch with Dr. Gary Lackmann at 

North Carolina State University where he was offered a research assistant position studying 

ways to improve the prediction of rainfall from landfalling hurricanes in the Carolinas and 

Virginia. This research has tied nicely into his original motivation for understanding why 

weather forecasts sometimes bust and how to improve these forecasts.  



 

iv 

ACKNOWLEDGMENTS 

 First and foremost, I would like to thank my advisor, Dr. Gary Lackmann, for 

providing the opportunity to conduct this research. Without his guidance, support, and 

patience, completion of this project would not been possible. I would also like to thank my 

committee members, Drs. Matt Parker and Anantha Aiyyer, for their valuable suggestions 

and feedback which greatly contributed to the completion of this research study. 

 I would also like to thank collaborators from the National Weather Service including 

Barrett Smith, Jonathan Blaes, David Roth, Frank Alsheimer, Jim Hudgins, and Eric 

Seymour. Their participation in monthly conference calls, valuable feedback and advice, and 

cooperation in freely providing data greatly contributed to guiding the direction of this 

research study and its applicability to National Weather Service operations. 

 Support for this research was provided by the National Oceanic and Atmospheric 

Administration (NOAA) Collaborative Science, Technology, and Applied Research 

(CSTAR) Award NA10NWS4680007. I would like to thank the NOAA CSTAR program for 

providing the funds to complete this project. Additionally, I would like to thank the National 

Center for Atmospheric Research (NCAR) for providing data used in this study and making 

the Weather Research and Forecasting (WRF) model available, which was used extensively 

in this study. Gratitude is also extended to the National Climatic Data Center (NCDC) which 

provided additional data used in this study. 

 Special thanks must also be extended to fellow lab colleagues Chris Marciano, 

Michael Graves, Allison Michaelis, Tiffany Gardner, Whitney Rushing, Xiayou Long, 

Michelle Cipullo, and Jeff Willison. Without your technical support and advice, 



 

v 

encouragement, and friendship, completion of this project would have been much more time-

consuming and difficult. 

 Finally, I would like to thank my family and friends. Their unwavering support and 

encouragement to pursue what I love has driven me to success. Without their love and 

devotion, which provides a foundation for me, I would undoubtedly not be where I am today. 



 

vi 

TABLE OF CONTENTS 

LIST OF TABLES ............................................................................................................... viii 

 
LIST OF FIGURES ................................................................................................................ x 

 
1. Introduction ......................................................................................................................... 1 

1.1 Motivation ....................................................................................................................... 1 

1.2 Processes Relevant to Landfalling Tropical Cyclone Precipitation Distribution in the 
Carolinas and Virginia .......................................................................................................... 3 

1.2.1 Predecessor Rainfall Events ..................................................................................... 4 

1.2.2 Cold Air Damming .................................................................................................. 9 

1.2.3 Additional Processes .............................................................................................. 14 

1. 3 Hypotheses ................................................................................................................... 19 

1. 4 Thesis Outline .............................................................................................................. 20 

 
2. Methods .............................................................................................................................. 24 

2.1 Case Selection ............................................................................................................... 24 

2.2 Observational Analysis ................................................................................................. 25 

2.2.1 Subjective Observational Analysis ........................................................................ 25 

2.2.2 Objective Observational Analysis.......................................................................... 26 

2.2.3 CAD Detection....................................................................................................... 28 

2.3 WRF Model Configuration ........................................................................................... 29 

2.3.1 Control Run ............................................................................................................ 30 

2.3.2 Experimental Runs ................................................................................................. 32 

   2.3.2.1 Relationship of the PRE to the TC ................................................................... 33 

   2.3.2.2 Relationship of the PRE and CAD to TC Precipitation Distribution............... 34 

 
3. Observational Analysis ..................................................................................................... 44 

3.1 Event Summary ............................................................................................................. 44 

3. 2 Synoptic Overview....................................................................................................... 46 

3. 3 Mesoscale Analysis ...................................................................................................... 47 

3.4 Observational Summary................................................................................................ 52 

 



 

vii 

4 Numerical Simulations ...................................................................................................... 78 

4.1 Ensemble Runs.............................................................................................................. 78 

4.2 Control Run Error ......................................................................................................... 85 

 
5. Experimental Runs ......................................................................................................... 115 

5.1 Relationship of the PRE to the TC .............................................................................. 115 

5.2 Relationship between the PRE, CAD, and TC Precipitation Distribution .................. 118 

5.2.1 No Terrain Run .................................................................................................... 118 

5.2.2 Reduced Relative Humidity Runs ........................................................................ 120 

 
6. Conclusion ....................................................................................................................... 153 

6.1 Overview ..................................................................................................................... 153 

6.2 Hypothesis Tests ......................................................................................................... 154 

6.2.1 Relationship of the PRE to the TC ....................................................................... 154 

6.2.2 Relationship of the PRE, CAD, and TC Precipitation Distribution ..................... 156 

6.3 Key Findings ............................................................................................................... 158 

6.4 Future Work ................................................................................................................ 159 

 
REFERENCES .................................................................................................................... 162 



 

viii 

LIST OF TABLES 

Table 2.1: Candidate cases proposed for further research based upon data availability, 
forecaster comments, and impacts (damage, fatalities). Tropical cyclone intensity at landfall 
and impacts determined from NHC Tropical Cyclone Reports. Tropical cyclone dates and 
maximum rainfall determined from HPC Tropical Cyclone Rainfall Data webpage 
(http://www.hpc.ncep.noaa.gov/tropical/rain/tcrainfall.html). Presence of boundary in the 
nearby region where TC landfall occurred determined using HPC’s Surface Analysis Archive 
webpage (http://www.hpc.ncep.noaa.gov/html/sfc_archive.shtml) ……………………….42 
 
Table 2.2: A summary of the various WRF sensitivity runs utilizing different initial condition 
(IC) data sources, IC times, microphysics parameterization (MP) schemes, and convective 
parameterization (CP) schemes in order to produce a reasonably accurate control run……43 
 
Table 3.1: Results from the CAD detection algorithm created by Bailey et al. (2003) for 0000 
UTC 30 August - 1200 UTC 2 September 2006. “1” denotes if the criteria were met along a 
line at a given time. “0” denotes if the criteria were not met along a line at a given time. 
Boxes highlighted in yellow distinguish periods equal to or greater than 6 h where the criteria 
were continuously met along a given line. Boxes highlighted in green distinguish periods 
equal to or greater than 6 h where the criteria were continuously met along all lines……...75 
 
Table 4.1: Summary of the TC track error for each model run measured as the RMSE of the 
distance from the BT position over the total run time. ECMWF Reanalysis, GFS Analysis, 
and GFS 8/30 12Z Forecast are each original data sources for initial and lateral boundary 
conditions. WRF 8/30 00Z, 8/30 06Z, 36-km 8/30 12Z, 8/30 18Z, and 8/31 00Z Forecast 
refer to the initial condition time sensitivity runs initialized using GFS forecast data. WRF 
GFS Analysis, 36-km 8/30 12Z Forecast, and 36-km ECMWF Reanalysis refer to the initial 
condition data source sensitivity runs. WRF 8/30 12Z Forecast KF CP and GCE MP and 
WRF ECMWF Reanalysis GCE MP refer to the runs completed on the outermost 36-km 
domain using the Kain-Fritsch (KF) Convective Parameterization (CP) and Goddard 
Cumulus Ensemble (GCE) Model Microphysics Parameterization (MP) schemes for the 
model physics sensitivity runs. WRF 36-km, 12-km, and 4-km 8/30 12Z Forecast and WRF 
36-km, 12-km, and 4-km ECMWF Reanalysis refer to the resolution sensitivity runs 
initialized using GFS 1200 UTC 30 August forecast and ECMWF Reanalysis data 
respectively…………………………………………………………………………………111 
 
Table 4.2: As in Table 3.2 except for Mean Sea Level Pressure (MSLP) RMSE of the 
difference in MSLP between each model run and the BT intensity over the total run time..112 
 
Table 4.3: As in Table 3.1 except for the control run 12-km domain from 1200 UTC 30 
August - 1200 UTC 2 September 2006……………………………………………………..113 
 



 

ix 

Table 5.1: Area-averaged precipitable water values (in) every 6 h from 0000 UTC 30 August 
to 0000 UTC 31 August 2006 over the 12-km domain within a box extending from 32 ̊ - 38 ̊ 
N, 72 ̊ - 83 ̊ W (as plotted in Fig. 5.7). Control run is with the TC vortex and the experimental 
run is with the TC vortex removed…..……………………………………………………..151 
 
Table 5.2: Area-averaged 24 h precipitation forecast (in) ending at 1200 UTC 31 August over 
the 4-km domain within a box extending from 32 ̊ - 38 ̊ N, 72 ̊ - 83 ̊ W (as plotted in Fig. 5.7). 
Control run is with the TC vortex and the experimental run is with the TC vortex 
removed……………………………………………………………………………………..152 



 

x 

LIST OF FIGURES 

Figure 1.1: Conceptual model from Srock and Bosart (2009) highlighting key processes 
enhancing rainfall during TC Marco (1990). The cold pool associated with cold air damming 
and coastal front were induced by the nearby TC in this case. ............................................... 21 

Figure 1.2: Figure 20 from Moore et al. (2013) showing a conceptual diagram of key 
synoptic-scale features and processes for (a) Jet in Ridge, (b) Southwesterly Jet, and (c) 
Downstream Confluence category PREs. ............................................................................... 22 

Figure 1.3: Figure 19 from Moore et al. (2013) showing a synoptic-scale analysis for the PRE 
associated with TC Ernesto at 1800 UTC 30 Aug 2006 including (a) 200-hPa geopotential 
height field and wind speed, (b) SLP and PW, (c) Radar reflectivity, 925-hPa potential 
temperature, 925-hPa wind, and Petterssen frontogenesis, and (d) vertical cross section along 
the dashed black lines in (a) - (c) displaying potential temperature, Petterssen frontogenesis, 
water vapor mixing ratio, and flow vectors in the plane of the cross section. The PRE 
location in (a) and (b) is indicated by the “+” symbol, and the TC location in (a) - (c) is 
indicated by the tropical storm symbol. The latitudinal positions of the PRE and TC in (d) are 
indicated by the green and red triangles, respectively. ........................................................... 23 

Figure 2.1: The CSTAR study domain (outlined in white) used to identify landfalling TC 
cases that moved through it from 1995 to 2011 for potential further investigation. .............. 36 

Figure 2.2: Comparison of NHC Track Forecast issued at 1500 UTC 30 August 2006 (green) 
to NHC best track position (white). Charleston, South Carolina and Wilmington, North 
Carolina are represented by the red and yellow dots respectively. ......................................... 37 

Figure 2.3: Surface stations and lines used in the objective CAD-detection algorithm 
developed by Bailey et al. (2003). The numbers 1-3 in each of the lines corresponds to Eq. 
(2.1) in the text. ....................................................................................................................... 38 

Figure 2.4: WRF domains used for Ernesto simulations: outer domain features 36-km grid 
spacing, with a 12-km and 4-km middle and innermost domain grid length, respectively. ... 39 

Figure 2.5: The initial two boxes (yellow shading) where RH was reduced to 50%, 30%, and 
10% in the experimental runs testing the second hypothesis. ................................................. 40 

Figure 2.6: The additional two box regions (yellow shading) where RH was reduced to 10% 
at locations upstream of the initial two box regions (yellow shading) located over the 
Carolinas and Virginia. ........................................................................................................... 41 

Figure 3.1: Official track of Hurricane Ernesto courtesy of the National Hurricane Center. . 54 

Figure 3.2: Storm-total precipitation analysis courtesy of the Hydrometeorological Prediction 
Center. ..................................................................................................................................... 55 



 

xi 

Figure 3.3: A fire fighter assists residents in evacuating flooded apartments in Newport 
News, Virginia on 1 September 2006 (courtesy of the Daily Press). ..................................... 56 

Figure 3.4: Surface analysis from 1200 UTC 30 August 2006 created by the 
Hydrometeorological Prediction Center. Note the cold frontal boundary (blue line) across the 
Southeastern United States while TC Ernesto is located over southern Florida. .................... 57 

Figure 3.5: Four panel plot of atmospheric conditions from the RUC analysis at 0000 UTC 
31 August 2006 including: (a) 250-hPa winds (shaded, knots) and heights (solid, every 6 
dam), (b) 500-hPa absolute vorticity (shaded, 10-5 s-1) and heights (solid, every 3 dam), (c) 
850-hPa relative humidity (shaded, %), heights (solid, every 3 dam), temperature (dashed, 
every 2 ̊ C), and wind (barbs, knots convention), and (d) the sea level pressure (solid, every 
2-hPa) and 1000-500-hPa thickness (dashed, every 6 dam). .................................................. 58 

Figure 3.6: As in Fig. 3.5 except at 1200 UTC 31 August 2006. ........................................... 59 

Figure 3.7: As in Fig. 3.5 except at 0000 UTC 1 September 2006. ........................................ 60 

Figure 3.8: As in Fig. 3.5 except at 0000 UTC 2 September 2006. ........................................ 61 

Figure 3.9: Radar base reflectivity (dBZ) from the Raleigh, North Carolina (KRAX) radar 
site at (a) 1800 UTC 30 August 2006 and (b) 2100 UTC 30 August 2006. ........................... 62 

Figure 3.10: Stage IV 24 h accumulated precipitation (in) ending at 1200 UTC 31 August 
2006......................................................................................................................................... 63 

Figure 3.11: HPC Surface Analysis at 0000 UTC 31 August 2006........................................ 64 

Figure 3.12: RUC surface precipitable water values (shaded, in) and 10-m wind (barbs, knots 
convention) at (a) 0000 UTC 30 August 2006, (b) 1200 UTC 30 August 2006, and (c) 0000 
UTC 31 August 2006. ............................................................................................................. 65 

Figure 3.13: Upper air sounding from Greensboro, North Carolina at 1800 UTC 30 August 
2006......................................................................................................................................... 66 

Figure 3.14: Comparison of (a) manual surface analysis with isobars (solid, every 2 hPa), 
isotherms (dashed, every 2 ̊ F), and standard frontal notation, (b) RUC surface frontogenesis 
(shaded, 10-1 K/100 km/3 h), 2-m isentropes (solid, every 1 K), and 10-m wind (barbs, knots 
convention), (c) radar reflectivity (shaded, dBZ), and (d) Stage-IV 6-h accumulated 
precipitation (shaded, in) ending at 0000 UTC 31 August 2006. ........................................... 67 

Figure 3.15: Comparison of (a) radar reflectivity (shaded, dBZ) at 0600 UTC 31 August 2006 
and (b) Stage-IV 6-h accumulated precipitation (shaded, in) ending at 0600 UTC 31 August 
2006......................................................................................................................................... 68 



 

xii 

Figure 3.16: As in Fig. 3.14 except at 1200 UTC 31 August 2006. ....................................... 69 

Figure 3.17: Geographical domains applied to the location and intensity of the parent 
anticyclone at CAD onset used by Bailey et al. (2003) in their CAD classification scheme. 70 

Figure 3.18: Infrared satellite imagery from 1800 UTC 31 August 2006. ............................. 71 

Figure 3.19: As in Fig. 3.14 except at 0000 UTC 1 September 2006. .................................... 72 

Figure 3.20: As in Fig. 3.14 except at 1200 UTC 1 September 2006. .................................... 73 

Figure 3.21: As in Fig. 3.14 except at 2300 UTC 1 September 2006. Stage IV 6-h 
accumulated precipitation ending at 0000 UTC 2 September 2006. ...................................... 74 

Figure 4.1: Comparison of NHC Best Track (white) for TC Ernesto with WRF simulated 
storm tracks on the outermost 36-km domain initialized using GFS forecast data at 0000 
UTC 30 August (purple), 0600 UTC 30 August (green), 1200 UTC 30 August (red), 1800 
UTC 30 August(blue), and 0000 UTC 31 August 2006 (yellow)........................................... 90 

Figure 4.2: Comparison of NHC Best Track (white) for TC Ernesto with original 1200 UTC 
GFS forecast data (orange), GFS analysis data (yellow), ECMWF reanalysis data (blue), and 
WRF simulated storm tracks on the outermost 36-km domain initialized using GFS forecast 
data at 1200 UTC 30 August (red), GFS analysis data at 0000 UTC 30 August (purple), and 
ECMWF reanalysis data at 0000 UTC 30 August (green). .................................................... 91 

Figure 4.3: Comparison of NHC Best Track (white) for TC Ernesto with WRF simulated 
storm tracks on the outermost 36-km domain initialized using GFS forecast data at 1200 
UTC 30 August using the BMJ CP and WSM6 MP schemes (red), KF CP and WSM6 MP 
schemes (purple), and BMJ CP and GCE MP schemes (blue), and initialized using ECMWF 
reanalysis data at 0000 UTC 30 August using the BMJ CP and WSM6 MP schemes (green), 
and BMJ CP and GCE MP schemes (yellow). ....................................................................... 92 

Figure 4.4: Comparison of NHC Best Track (white) for TC Ernesto with WRF simulated 
storm tracks initialized using GFS forecast data at 1200 UTC 30 August on the 36-km 
domain (red), 12-km domain (orange), and 4-km domain (yellow), and initialized using 
ECMWF reanalysis data at 0000 UTC 30 August on the 36-km domain (green), 12-km 
domain (blue), and 4-km domain (purple). ............................................................................. 93 

Figure 4.5: Intensity error (Model - NHC Best Track lowest MSLP) of model forecasts over 
time. According to NHC Best Track data, TC Ernesto made landfall at 0340 UTC 1 
September 2006 over Oak Island, North Carolina. ................................................................. 94 

Figure 4.6: Comparison of composite radar reflectivity (shaded, dBZ) and MSLP (solid, hPa) 
at 0000 UTC 1 September 2006 between the control run (a) outermost 36-km domain and the 



 

xiii 

(b) inner 12-km domain, (c) innermost 4-km domain, and (d) outermost 36-km domain when 
using the KF CP scheme. ........................................................................................................ 95 

Figure 4.7: Comparison of composite radar reflectivity (shaded, dBZ) and MSLP (solid, hPa) 
at 0000 UTC 30 August 2006 from the control run (a) outermost 36-km domain, (b) inner 12-
km domain, and (c) innermost 4-km domain to (d) observed  composite radar reflectivity 
(shaded, dBZ). ......................................................................................................................... 96 

Figure 4.8: Comparison of surface frontogenesis (shaded, 10-1 K/100 km/3 h), 2-m isentropes 
(solid, every 1 K), and 10-m wind (barbs, knots convention) at 0000 UTC 31 August 2006 
from the control run (a) outermost 36-km domain, (b) inner 12-km domain, and (c) innermost 
4-km domain to (d) 20-km RUC data. .................................................................................... 97 

Figure 4.9: Comparison of composite radar reflectivity (shaded, dBZ) and MSLP (solid, hPa) 
at 1200 UTC 30 August 2006 from the control run (c) innermost 4-km domain to (b) 
observed composite radar reflectivity (shaded, dBZ). ............................................................ 98 

Figure 4.10: Comparison of surface frontogenesis (shaded, 10-1 K/100 km/3 h), 2-m 
isentropes (solid, every 1 K), and 10-m wind (barbs, knots convention) at 1200 UTC 31 
August 2006 from the control run (a) innermost 4-km domain to (b) 20-km RUC data. ....... 99 

Figure 4.11: Comparison of 24 h precipitation forecast (shaded, in) ending at 1200 UTC 31 
August 2006 from the control run (a) innermost 4-km domain with (b) NCEP Stage IV 24 h 
accumulated precipitation (shaded, in) ending at 1200 UTC 31 August 2006. .................... 100 

Figure 4.12: As in Fig. 4.9 except at 0000 UTC 1 September 2006. .................................... 101 

Figure 4.13: Comparison of 500-hPa absolute vorticity (shaded, 10-5 s-1) and heights (solid, 
every 3 dam) from the control run (a) outermost 36-km domain to (b) 20-km RUC data at 
0000 UTC 1 September 2006. .............................................................................................. 102 

Figure 4.14: 700-hPa height (m) difference (36-km control run - 20-km RUC data) at 0000 
UTC 1 September 2006. ....................................................................................................... 103 

Figure 4.15: As in Fig. 4.10 except at 0000 UTC 1 September 2006. .................................. 104 

Figure 4.16: As in Fig. 4.9 except at 1200 UTC 1 September 2006. .................................... 105 

Figure 4.17: As in Fig. 4.13 except at 0000 UTC 2 September 2006. .................................. 106 

Figure 4.18: As in Fig. 4.14 except at 0000 UTC 2 September 2006. .................................. 107 

Figure 4.19: As in Fig. 4.10 except at 1200 UTC 1 September 2006. .................................. 108 

Figure 4.20: As in Fig. 4.11 except ending at 1200 UTC 1 September 2006. ...................... 109 



 

xiv 

Figure 4.21: As in Fig. 4.11 except ending at 1200 UTC 2 September 2006. ...................... 110 

Figure 5.1: Comparison of radar reflectivity (shaded, dBZ) and MSLP (solid, hPa) at 1800 
UTC 30 August 2006 on the 12-km domain between (a) the run with the TC vortex and (b) 
the experimental run initialized using 0000 UTC GFS forecast data. .................................. 127 

Figure 5.2: Comparison of surface precipitable water (shaded, in), 10-m wind (barbs, knots 
convention), and MSLP (solid, hPa) on the 12-km domain between the run with the TC 
vortex at (a) 1800 UTC 30 August 2006 and (b) 0000 UTC 31 August 2006 and the 
experimental run at (c) 1800 UTC 30 August 2006 and (d) 0000 UTC 31 August 2006 
initialized using 0000 UTC GFS forecast data. .................................................................... 128 

Figure 5.3: Comparison of 250-hPa geopotential height (solid, dm) and wind (shaded, kt) on 
the 12-km domain between the run with the TC vortex at (a) 1800 UTC 30 August 2006 and 
(b) 0000 UTC 31 August 2006 and the experimental run at (c) 1800 UTC 30 August 2006 
and (d) 0000 UTC 31 August 2006 initialized using 0000 UTC GFS forecast data. ........... 129 

Figure 5.4: Comparison of radar reflectivity (shaded, dBZ) and MSLP (solid, hPa) at 1800 
UTC 30 August 2006 on the 4-km domain between (a) the run with the TC vortex and (b) the 
experimental run initialized using 0000 UTC GFS forecast data. ........................................ 130 

Figure 5.5: As in Fig. 5.4 except at 0000 UTC 31 August 2006. ......................................... 131 

Figure 5.6: As in Fig. 5.4 except at 0600 UTC 31 August 2006. ......................................... 132 

Figure 5.7: Comparison of 24 h precipitation forecast (shaded, in) ending at 1200 UTC 31 
August 2006 on the 4-km domain from (a) the run with the TC vortex to (b) the experimental 
run initialized using 0000 UTC GFS forecast data. .............................................................. 133 

Figure 5.8: Comparison of NHC Best Track (white) for TC Ernesto with WRF control run 
storm tracks on the 36-km domain (blue), 12-km domain (green), and 4-km domain (purple), 
and the experimental no terrain run storm tracks on the 36-km domain (red), 12-km domain 
(orange), and 4-km domain (yellow). ................................................................................... 134 

Figure 5.9: Comparison of 72 h accumulated precipitation difference forecast (experimental 
no terrain run - control run) for (a) the 36-km domain, (b) the 12-km domain, and (c) the 4-
km domain. ........................................................................................................................... 135 

Figure 5.10: Surface frontogenesis (shaded, 10-1 K/100 km/3 h), 2-m isentropes (solid, every 
1 K), and 10-m wind (barbs, knots convention) at 0000 UTC 1 September 2006 from the 
experimental no terrain run innermost 4-km domain. .......................................................... 136 

Figure 5.11: Comparison of 950-hPa relative humidity (shaded, %), heights (solid, every 3 
dam), temperature (dashed, every 1 ̊ C), and wind (barbs, knots convention) forecasts on the 
outermost 36-km domain at 1200 UTC 30 August 2006 between (a) the control run and 



 

xv 

experimental runs with relative humidity reduced to (b) 50%, (c) 30%, and (d) 10% at and 
below 950-hPa. ..................................................................................................................... 137 

Figure 5.12: Comparison of surface frontogenesis (shaded, 10-1 K/100 km/3 h), 2-m 
isentropes (solid, every 1 K), and 10-m wind (barbs, knots convention) forecasts on the 
outermost 36-km domain at 1200 UTC 31 August 2006 between (a) the control run and 
experimental runs with relative humidity reduced to (b) 50%, (c) 30%, and (d) 10% at and 
below 950 hPa. ...................................................................................................................... 138 

Figure 5.13: As in Fig. 5.12 except at 0000 UTC 1 September 2006 and comparing only (a) 
the control run to (b) the experimental run with relative humidity reduced to 10% at and 
below 950 hPa. ...................................................................................................................... 139 

Figure 5.14: As in Fig. 5.12 except at 1200 UTC 1 September 2006 and comparing only (a) 
the control run to (b) the experimental run with relative humidity reduced to 10% at and 
below 950 hPa. ...................................................................................................................... 140 

Figure 5.15: 24 h back trajectories originating in the CAD region at 1200 UTC 31 August 
2006....................................................................................................................................... 141 

Figure 5.16: Comparison of 950-hPa relative humidity (shaded, %), heights (solid, every 3 
dam), temperature (dashed, every 1 ̊ C), and wind (barbs, knots convention) forecasts on the 
outermost 36-km domain at 1200 UTC 30 August 2006 between (a) the control run and 
experimental runs with relative humidity reduced to 10 % (b) in the initial two box regions at 
and below 950 hPa, (c) in only two box regions upstream of the CAD region at and below 
900 hPa, and (d) in all four box regions at and below 900 hPa. ........................................... 142 

Figure 5.17: Comparison of (a) the 950-hPa relative humidity (shaded, %), heights (solid, 
every 3 dam), temperature (dashed, every 1 ̊ C), and wind (barbs, knots convention) forecast, 
(b) the radar reflectivity (shaded, dBZ) and MSLP (solid, hPa) forecast, and (c) the surface 
frontogenesis (shaded, 10-1 K/100 km/3 h), 2-m isentropes (solid, every 1 K), and 10-m wind 
(barbs, knots convention) forecast on the outermost 36-km domain at 0000 UTC 31 August 
2006 in the experimental runs with relative humidity reduced to 10 %  in only two box 
regions upstream of the CAD region at and below 900 hPa using the BMJ CP scheme. ..... 143 

Figure 5.18: CAPE (shaded, J/kg) forecast at 1800 UTC 30 August 2006 for the experimental 
run with relative humidity reduced to 10 % in all four box regions at and below 900 hPa with 
the CP scheme changed to KF. ............................................................................................. 144 

Figure 5.19: As in Fig. 5.17 except at 1200 UTC 31 August 2006 and excluding the radar 
reflectivity (shaded, dBZ) and MSLP (solid, hPa) forecast. ................................................. 145 

Figure 5.20: As in Fig. 5.17 except at 0000 UTC 1 September 2006 and excluding the 950-
hPa relative humidity (shaded, %), heights (solid, every 3 dam), temperature (dashed, every 



 

xvi 

1 ̊ C), and wind (barbs, knots convention) forecast and (b) the radar reflectivity (shaded, 
dBZ) and MSLP (solid, hPa) forecast. .................................................................................. 146 

Figure 5.21: As in Fig. 5.20 except at 0000 UTC 2 September 2006. .................................. 147 

Figure 5.22: Comparison of downward shortwave radiation flux (shaded, W/m2) at 1800 
UTC 31 August between (a) the NCEP/DOE AMIP-II Reanalysis and (b) the experimental 
run with relative humidity reduced to 10 % in only two box regions upstream of the CAD 
region at and below 900 hPa. ................................................................................................ 148 

Figure 5.23: Comparison of NHC Best Track (white) for TC Ernesto to the outermost 36-km 
domain from the control run with weak CAD (blue), the upstream 10% RH run with 
enhanced CAD (purple), the no terrain run with no CAD (red), and the reduced RH run using 
the KF CP scheme with no PRE or CAD (orange). .............................................................. 149 

Figure 5.24: Comparison of 72 h accumulated precipitation difference forecast ending at 
1200 UTC 2 September 2006 (experimental run - control run) for (a) the enhanced CAD run 
with RH reduced to 10% at and below 900 hPa in only two box regions upstream of the CAD 
region and (b) the no PRE or CAD run with RH reduced to 10% at and below 900 hPa over 
all four box regions using the KF CP scheme....................................................................... 150 

Figure 6.1: Conceptual model of the key processes occurring during landfalling TC cases in 
the Carolinas and Virginia featuring diabatically-enhanced CAD (blue) associated with a 
PRE (green) leading to the eastward modulation of a frontal boundary (red). As a result an 
eastward deviation in TC track and precipitation distribution (dashed black) occurs as the 
frontal boundary lifts poleward east of the TC center as a warm front (dashed red). .......... 161 



 

1 

1. Introduction 

1.1 Motivation 

 One of the greatest threats to life and property from landfalling tropical cyclones 

(TCs) is freshwater flooding. Of the 600 fatalities directly associated with tropical cyclones 

during the period 1970-1999, more than one-half can be attributed to freshwater flooding 

(Rappaport 2000). Additionally, there is no correlation between TC intensity at landfall and 

the resulting number of casualties due to flooding with a majority (63%) of casualties during 

the period 1970-1999 occurring at inland locations due to freshwater flooding (Rappaport 

2000). Flooding deaths from landfalling tropical cyclones are especially common in the Mid-

Atlantic region of the United States (U.S.) accounting for the majority of flood-related 

casualties in that region (Ashley and Ashley 2008). 

 Examples of significant freshwater flooding events in the Mid-Atlantic region include 

Hurricane Agnes (1972) and Hurricane Floyd (1999). Exceptionally heavy rainfall during 

Agnes was due to interaction with a slow-moving frontal boundary. A synoptic-scale frontal 

zone approaching from the west dissipated while a new frontal boundary formed in-situ east 

of the Appalachians becoming the dominant baroclinic boundary (Bosart and Dean 1991). 

The frontal boundary strengthened due to the cyclonic circulation around Agnes and 

differential diabatic heating and became the focal point for heavy precipitation (Bosart and 

Dean 1991). Floyd was a more recent freshwater flooding event that resulted in a significant 

number of casualties and damage. The precipitation shifted to the left of the storm track due 

to the interaction of the TC with a mid-latitude trough (Atallah and Bosart 2003). 

Additionally, the presence of a cold-core potential vorticity ( PV) anomaly associated with 
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the mid-latitude trough and a warm-core PV anomaly associated with Floyd created a strong, 

deep baroclinic zone which provided a region favorable for deep ascent strongly enhancing 

precipitation production (Atallah and Bosart 2003).  Such cases of extreme freshwater 

flooding from landfalling TCs led to an increased emphasis by the U.S. Weather Research 

Program on improving quantitative precipitation forecasts (QPF) (Marks and Shay 1998; 

Elsberry 2002; Fritsch and Carbone 2004). 

 QPF rests upon the foundation of a simple statement: “the heaviest precipitation 

occurs where the rainfall rate is the highest for the longest time” (Doswell et al. 1996). 

Nevertheless, forecasting the precipitation distribution associated with landfalling TCs 

remains a critical forecast problem. The challenge faced by forecasters in producing accurate 

QPFs for landfalling TCs is due to the various factors that can modulate precipitation 

distribution. A few of these factors include: storm motion, storm intensity, areal extent, 

synoptic-scale forcing, topography, and mesoscale boundaries (Atallah et al. 2007; Srock and 

Bosart 2009). Out of these factors, mesoscale boundaries can often be especially challenging 

for forecasters to identify and numerical weather models to predict due to the small scales at 

which they occur. However, accurately identifying mesoscale boundaries in advance of 

landfalling TCs is particularly important due to their potential for enhancing precipitation in 

localized areas (DeLuca et al. 2004; Klein et al. 2006). Such boundaries can often form due 

to evaporatively-cooled air associated with precipitation ahead of landfalling TCs. 

Furthermore, this evaporatively-cooled air can enhance the strength of cold air damming 

(CAD) and its associated mesoscale boundary leading to enhanced rainfall along and on the 

cool side of the mesoscale boundary (Fig. 1.1). Smith and Garcia (2013) found such cases of 
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CAD preceding TC landfall to occur with 50% of landfalling TC cases from 1995 to 2012 in 

the southeastern United States. As such, National Weather Service (NWS) regional offices 

and National Centers identified heavy precipitation and localized flooding associated with 

TCs as one of three key weather hazards upon which to focus collaborative research efforts. 

The purpose of this study is to: 1) isolate the role of physical processes in modulating 

precipitation distribution during landfalling tropical cyclones in the Carolinas and Virginia 

and 2) investigate the predictability of these processes and their impact on observed 

precipitation amounts and QPFs. Through better understanding the complicated interplay of 

physical processes in modulating precipitation distribution during past landfalling TCs, QPFs 

for future landfalling TCs can be improved. 

 

1.2 Processes Relevant to Landfalling Tropical Cyclone Precipitation Distribution in the 

Carolinas and Virginia 

 Section 1.2.1 defines predecessor rainfall events (PREs), examines their relationship 

to TCs, and summarizes results from other case studies. Section 1.2.2 describes CAD 

formation, climatology, and its relationship with coastal frontogenesis. Section 1.2.3 analyzes 

other processes relevant to landfalling TC precipitation distribution including jet stream 

dynamics, extratropical transition, atmospheric rivers, orographic enhancement, and TC track 

forecasts. 
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1.2.1 Predecessor Rainfall Events 

 A PRE can be defined as a coherent region of heavy rainfall, with rainfall rates 

exceeding 100 mm in 24 h in a region positioned poleward and separate from the main TC 

rain shield (Galarneau et al. 2010; Cote 2007). Four criteria were proposed by Galarneau et 

al. (2010) for PRE identification including: 

1) Radar reflectivity values ≥35 dBZ within a coherent area of rainfall persisting for at 

least 6 h. 

2) The average rainfall must be ≥100 mm (24 h)-1 over the entire life of the PRE. 

3) There must be a clear separation on the radar imagery between the coherent area of 

rainfall and the TC rain shield. 

4) Deep tropical moisture directly associated with the TC must be advected away from 

the TC into the region of the coherent area of rainfall. 

 While no quantitative minimum separation distance between the PRE and TC center 

has been proposed, the typical separation distance is ~1000 km (Galarneau et al. 2010; 

Moore et al. 2013). Cote (2007) breaks the role of TCs in contributing to PRE development 

into two components: 1) transporting anomalously high moisture poleward, and 2) 

strengthening the mid- to upper-level ridge downstream of the TC through diabatic heating 

and enhancing the upper-level horizontal divergence in the equatorward entrance region of an 

intensifying upper-level jet streak. Other influences of a TC on PRE development can include 

the transport of water vapor from the vicinity of the TC into the PRE region through the 

synoptic-scale flow and the impinging of the TC circulation upon a midlatitude baroclinic 

zone yielding warm advection, frontogenesis, and ascent (Moore et al. 2013). This 
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relationship can be either direct or indirect depending upon the influence of the TC in 

supplying water vapor to the PRE region and forcing ascent in the PRE region (Moore et al. 

2013). 

 However, the importance of the TC in producing PREs comes into question since 

many of them occur with synoptic-scale patterns that may have produced heavy rainfall 

events without the presence of a TC (Galarneau et al. 2010). Furthermore, the proximity of 

the TC to the PRE region, the spatial extent of the cyclonic circulation and upper-level TC 

outflow, and the synoptic-scale flow in the vicinity of the TC also dictate the extent to which 

the TC relates to PRE development. Nevertheless, Galarneau et al. (2010) argues that the 

presence of TC moisture augments these events through the poleward transport of deep 

tropical moisture into mid-latitudes and turns ordinary heavy rain events into record-breaking 

high-impact heavy rain events. However, TCs act to remove water vapor from the 

surrounding environment with the precipitation mass sink mechanism being non-negligible 

for TCs (Lackmann and Yablonsky 2004). Therefore, the role of a TC in adding moisture at a 

remote, downstream location is unclear. 

 After identifying a total of 55 PREs associated with 38 Atlantic basin TCs during the 

1988 - 2010 period, several characteristics of PREs were determined by Moore et al. (2013). 

PREs occurred preferentially in August and September with a median separation distance of 

970 km and median longevity of 17 h (Moore et al. 2013). Based upon the configuration of 

the synoptic-scale upper-level flow and the embedded jet streak at the time of PRE initiation, 

three categories of PREs were identified (Fig. 1.2; Moore et al. 2013). The first category, the 

jet in ridge, features an anticyclonically curved jet streak on the poleward flank of a broad 
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upper-level ridge (Moore et al. 2013). It corresponds to PRE development exclusively in the 

Midwest evenly throughout the TC season with the largest median separation distance, 

longevity, and rainfall totals of the three categories (Moore et al. 2013). The second category, 

the southwesterly jet, features a southwesterly jet streak downstream of an upper-level trough 

located immediately upstream and poleward of the TC (Moore et al. 2013). For this category, 

PRE development preferentially occurred in the eastern United States in the later part of the 

TC season (Moore et al. 2013). The third category, downstream confluence, features an 

upper-level trough and jet streak downstream and poleward of the TC in a region of 

confluence (Moore et al. 2013). For downstream confluence cases, PRE development was 

most common in the earlier part of the TC season in the Carolinas and Virginia (Moore et al. 

2013). Both the second and third categories have smaller separation distance, maximum 

rainfall totals, and longevity compared to the first category (Moore et al. 2013). For all three 

categories, PREs tended to form as moist air was transported poleward from the TC region 

and forced to ascend near a low-level baroclinic zone beneath an equatorward jet entrance 

region (Moore et al. 2013). Another important feature is the upper-level diabatically driven 

outflow from the PRE and/or TC that increases the advection of low PV air resulting in a 

tightening PV gradient and strengthening upper-level jet streak which reinforces ascent over 

the PRE region (Moore et al. 2013).  

 Numerous case studies have been performed for PREs occurring over recent years. 

Bosart et al. (2012) analyzed three PRE events occurring ahead of TCs Ike and Lowell from 

10-15 September 2008. Each of the three PREs occurred at the intersection of a low-level jet 

with a surface baroclinic zone in the equatorward entrance region of an intensifying 
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subtropical jet stream (Bosart et al. 2012). Each PRE was successively stronger than its 

predecessor due to the cumulative upscale effect of persistent deep convection in amplifying 

a downstream ridge which strengthened the subtropical jet stream and associated forcing for 

ascent (Bosart et al. 2012). However, no analysis was performed to identify whether or not 

the PREs would have developed independently of TCs Ike and/or Lowell (Bosart et al. 2012). 

 Schumacher et al. (2012) investigated the role of moisture transport into the PRE 

region for TCs Ike and Erin by comparing ensemble forecast members that correctly 

predicted their recurvatures with ensemble members that forecasted the TCs to weaken or 

turn southward.  For the TC Ike case, the effects of TC-related moisture transport were 

unclear due to other important sources of moisture in the central United States with only a 

slightly higher probability of heavy rain in the recurving ensemble members (Schumacher et 

al. 2012). For the TC Erin case, poleward moisture transport in the recurving members 

resulted in a column-integrated water vapor increase of nearly 20 mm in the PRE region, but 

the accumulated precipitation distributions among recurving and nonrecurving ensembles 

were very similar (Schumacher et al. 2012). However, numerical simulations performed by 

Schumacher et al. (2011) indicated that after removing the moisture associated with TC Erin, 

the maximum amount of rainfall decreased by 50% and the total rainfall decreased by 33%. 

Nevertheless, when classifying heavy rainfall events that occurred in 2007 and 2008, 

Schumacher and Davis (2010) classify the TC Erin PRE as a warm-season case rather than a 

tropical case, attributing the PRE development more to the baroclinic zone in the Midwest 

rather than TC Erin.  
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 Phenomena similar to PREs have also been documented outside the United States in 

China and Japan. While not classified as PREs due to their closer proximity to their parent 

TC, a 3-yr climatology of squall lines preceding landfalling TCs in China found that about 

43% of landfalling TCs in China are associated with pre-TC squall lines (Meng and Zhang 

2012). For these cases, the parent TC contributed to the development of convection by 

enhancing conditional instability, low-level moisture supply, and the linear organization of 

convection (Meng and Zhang 2012). Numerical experiments where the TC vortex is removed 

have been performed for TC events with distant regions of heavy precipitation in China and 

Japan. Wang et al. (2009) found that TC Songda (2004) contributed over 90% to the 

accumulated precipitation totals associated with a remote region of heavy precipitation in 

southern Japan and adjacent seas through enhanced northward moisture transport by the TC 

outer circulation. Meng and Zhang (2012) found that after removing TC Kammuri (2008), 

distant convection still initiated over southern China but failed to organize and dissipated 

rapidly. 

 Previous studies have also examined the PRE associated with TC Ernesto (2006). 

Moore et al. (2010; 2013) highlighted Ernesto as an example of the downstream confluence 

category of PREs. Convection associated with the PRE initiated beneath the equatorward 

entrance region of a 200-hPa jet streak at the terminus of a southerly low-level jet on the 

eastern flank of the TC circulation along a region of low-level confluence ahead of a region 

of CAD (Fig. 1.3; Moore et al. 2013). Development of a surface cold pool was also 

collocated with the region of convective and stratiform precipitation associated with the PRE 

and likely reinforced a weak antecedent cold pool over North Carolina and Virginia 
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associated with the region of CAD east of the Appalachian Mountains (Moore 2010). The 

strengthening of the CAD helped to establish a surface thermal boundary over central South 

Carolina and eastern North Carolina (Moore 2010). A trajectory analysis revealed two 

distinct source regions of deep moisture for the PRE: 1) within and on the poleward flank of 

the TC Ernesto moisture plume and 2) over the southeastern United States along the Gulf of 

Mexico coast. The diabatic outflow of low 250-200-hPa PV air poleward and westward of 

the PRE region towards an upstream short-wave trough helped to strengthen the PV gradient 

leading to a backbuilding of the jet streak and increased along-flow wind speed gradients 

within the jet streak entrance region (Moore 2010).  

 

1.2.2 Cold Air Damming 

 As noted by Moore et al. (2010; 2013), CAD was a possible phenomenon that acted 

to shift the location of the boundary ahead of TC Ernesto’s landfall. CAD can be generally 

defined as a shallow layer of relatively cold air that forms a persistent wedge-shaped ridge of 

high pressure on the windward side of major mountain ranges (Baker 1970). In the eastern 

United States, CAD can be more specifically defined as a phenomenon where cold air is 

“funneled” or “trapped” along the eastern slopes of the Appalachian Mountains (Richwien 

1980). It can be detected using surface and upper-level analyses as a “nose” of high pressure 

in the sea-level pressure pattern over the eastern slopes of the Appalachian Mountains with a 

cold, low-level, mountain-parallel jet separated from a warm, saturated, mid-level, mountain-

normal flow by an “extended coastal front” or sloping inversion layer (Richwien 1980; 

Forbes et al. 1987; Xu 1990). CAD develops due to the deceleration of a mountain-normal 
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flow due to strong static stability as it ascends a mountain slope which results in an 

imbalance between the Coriolis force and the mountain-parallel component of the 

background pressure gradient force (Bell and Bosart 1988). This imbalance results in the 

flow accelerating parallel to the mountain slope as a low-level wind maximum (Bell and 

Bosart 1988). As the Coriolis force deflects the accelerated flow toward the mountains, 

adiabatic cooling and cold advection occurs near the mountain slopes creating an adverse 

pressure gradient that offsets the Coriolis force and keeps the flow in the cold dome (Bell and 

Bosart 1988; Lackmann and Overland 1989). 

 Subjective and objective climatologies have been created to categorize the frequency 

of CAD in the eastern United States. Bell and Bosart (1988) created a 50-yr CAD 

climatology for 1899 to 1918 and 1950 to 1979 by subjectively analyzing daily surface 

charts. They found no significant monthly difference in the number of CAD events between 

the two periods with 67% of all CAD events occurring from October to April. The maximum 

number of CAD events occurred in March with a secondary maximum in December and a 

minimum in July (Bell and Bosart 1988). Bailey et al. (2003) constructed a 12-yr CAD 

climatology for 1984 to 1995 using an objective CAD-identification algorithm which is 

further described in Section 2.2. Depending upon the characteristics of the parent high and 

the presence or absence of precipitation, CAD events were further classified into six 

categories including:  

1) Classical diabatically enhanced (CDEN) when the parent high is strong and favorably 

positioned with precipitation occurring in the damming region, 
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2) Classical dry onset (CDRY) when the parent high is strong and favorably positioned 

with no precipitation occurring in the damming region, 

3) Hybrid (HYBR) when the parent high is weak and not favorably positioned with 

precipitation occurring in the damming region, 

4) Weak dry (WKDR) when the parent high is weak and not favorably positioned with 

no precipitation occurring in the damming region, 

5) In situ (INST) when precipitation is occurring in the damming region but the parent 

high provided no support to damming other than leaving dry air at low levels while 

previously passing the region, and 

6) Unclassifiable (UNKN) when none of the above criteria were met. 

 Similar to Bell and Bosart (1988), Bailey et al. (2003) found a minimum in overall 

CAD frequency during July; however, a maximum in overall CAD frequency was found 

during September and August (Bailey et al. 2003). When looking at CAD frequency for the 

six categories outlined by Bailey et al. (2003), the stronger categories (CDEN, CDRY) had 

the highest frequency in February with an overall higher frequency during the cold season 

(16 October - 15 April) and a much lower frequency during the warm season (16 April - 15 

October) (Bailey et al. 2003). However, the frequency of weaker, hybrid CAD events had a 

pronounced peak during the aforementioned warm season (Bailey et al. 2003). 

 Diabatic processes can also contribute to the development, maintenance, and 

strengthening of CAD. Fritsch et al. (1992) found that diabatic effects maintain or strengthen 

damming in two fundamental ways:  
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1) Cloud cover maintains damming by preventing or reducing radiative destabilization 

in the upslope layer, and 

2) Subcloud-layer diabatic cooling from evaporation and reduced radiation produces a 

hydrostatic pressure rise in the precipitating region. 

These effects have direct and indirect consequences on the thermodynamic characteristics of 

the damming region. Direct consequences include a decrease in temperature and dewpoint 

depression with an increase in density and pressure near the surface (Fritsch et al. 1992). 

Indirect consequences include an adjustment of the horizontal winds to the diabatically 

produced mass-field changes (Fritsch et al. 1992). A case study of the 21-23 March 1985 

CAD event found that roughly 30% of the total cooling in the cold dome was generated by 

evaporative cooling (Bell and Bosart 1988). Diabatic processes can also contribute to the 

erosion of CAD in some cases. Brennan et al. (2003) found that latent heat release from a 

rainband associated with a split-front directly over the cold dome significantly accelerated 

the erosion process in the 14 February 2000 CAD event. 

 CAD is also frequently accompanied by coastal fronts. Richwien (1980) found the 

persistence and stagnation of coastal fronts on lines more parallel to the terrain contours 

rather than to the coastline to be convincing evidence that CAD plays an important role in the 

formation of coastal fronts. An 8-yr climatology of New England coastal fronts from 1964 to 

1971 found that coastal fronts are initiated in almost all cases with a pressure ridge east of the 

Appalachian Mountains and a developing cyclonic circulation further to the southwest 

(Bosart et al. 1972). Coastal frontogenesis is also favored along the Southeastern United 

States coastline where the Gulf Stream provides a source of heat and moisture while the 
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mountains facilitate the southward movement of cold air creating a natural baroclinic zone 

(Appel et al. 2005). An 11-yr climatology from 1984 to 1994 for the Carolina coastline 

revealed the existence of three coastal front types including: 

1) Onshore coastal fronts which represented approximately 20% of the cases and were 

the strongest of the three types with 97% occurring during the cold season (16 

October - 15 April) and 60% associated with CAD. 

2) Offshore coastal fronts which represented approximately 30% of the cases also 

occurred more frequently during the cold season; however, more occurred without 

CAD since they tend to develop in response to more localized processes. 

3) Diurnal coastal fronts which represented approximately 50% of the cases and were 

typically weaker than the other two types making up the majority of warm season (16 

April - 15 October) cases and having little association with CAD. 

Coastal fronts also tend to serve as a focus point for enhanced precipitation along and just 

northwest of the mean coastal front position (Bosart et al. 1972). In the past, numerical 

models often failed to accurately predict the thermal and wind field structures of CAD and 

coastal frontogenesis events due to an inadequate number of model layers below 800 mb 

(Stauffer and Warner 1987). However, numerical models still struggle with simulating the 

onset of diabatically-generated CAD events and the duration of CAD events, with the model 

tending to scour out the cold, shallow air mass too quickly (Bailey et al. 2003; Lackmann 

2011, section 8.3). As a result, QPFs during such events often prove to be a challenge for 

forecasters in regions affected by these phenomena. 
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 CAD and associated coastal fronts have been documented in climatologies to occur 

during the warm season. This begs the obvious question of what role these phenomena might 

play in modulating precipitation distribution during landfalling or near-landfalling TC cases. 

Srock and Bosart (2009) examined two distinct episodes of the formation and enhancement 

of coastal fronts and CAD induced by TC Marco (1990). During the TC Marco case, Marco’s 

location west of Florida provided a geostrophic flow perpendicular to the coastline and 

mountains of the Carolinas and Georgia (Srock and Bosart 2009). The coastal front forced 

the tropical air to rise which enhanced precipitation at and immediately inland of the coastal 

front (Srock and Bosart 2009). The precipitation on the inland side of the coastal front 

evaporated initially, decreasing the temperature in the inland cold pool (Srock and Bosart 

2009). The denser, colder air located inland then experienced flow blocking which enhanced 

the CAD and caused a push of cold air equatorward on the leeward side of the mountains 

(Srock and Bosart 2009). Such cases highlight the need to consider weak TCs as possible 

heavy rain producers even while located at a distance (Srock and Bosart 2009).  

 

1.2.3 Additional Processes 

 While PREs and CAD are both important phenomena to consider when producing 

QPFs for landfalling tropical cyclones in the Carolinas and Virginia, a number of other 

relevant processes must also be considered. After completing a climatology from 1982 to 

1990 of all heavy rainfall events during the warm season (1 May - 30 September) over the 

interior Southeastern United States, Konrad (1997) identified five distinct synoptic patterns 

that were connected to the heavy rainfall events. For the North Carolina and Virginia 
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Piedmont region, composites revealed that most heavy rainfall events occurred as a region of 

boundary layer convergence connected with a weak, stationary frontal boundary was located 

about 100 km southeast of the heavy rain location with weak 850 - 200-mb mean winds from 

the southeast inducing frontal overrunning (Konrad 1997). Looking at only the precipitation 

distribution associated with 32 landfalling TC cases across the Eastern United States, Atallah 

et al. (2007) found that storm-induced diabatic enhancement of the downstream ridge is a key 

factor in determining precipitation distribution around landfalling TCs. Right of track 

precipitation distribution is characteristic of TCs interacting with a downstream ridge while 

left of track precipitation distribution is characteristic of TCs undergoing extratropical 

transition (ET) (Atallah et al. 2007). 

 ET is the process during which a warm-core TC transforms into a cold-core 

extratropical cyclone as it moves poleward. ET occurs as TCs become influenced by a mid-

latitude environment that might include increased baroclinicity, vertical shear in the presence 

of an upper level trough, moisture gradients, decreasing sea surface temperature (SST), 

strong SST gradients, increased surface drag after landfall, orography, and a larger coriolis 

parameter (Jones et al. 2003). The TC’s response might include a decrease of intensity, 

increased forward motion, asymmetries in its structure, an increase in the spatial extent of its 

wind field, rapid wave growth, and the loss of its warm core (Jones et al. 2003). After 

conducting a 30-yr climatology for all TCs that underwent ET from 1970 to 1999, Jones et al. 

(2003) found that the North Atlantic basin contained the largest percentage (45 %) of TCs 

that undergo ET with the highest percentage of ET events occurring in September and 

October. However, ET commonly occurs with TCs across the Western Pacific as well. Case 
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studies of two Western Pacific ET events revealed that increased warm frontogenesis 

dominates the initial change from tropical to extratropical characteristics with the rate of 

increase in frontogenesis peaking at a time that may be defined as the transition time (Harr 

and Elsberry 2000). Unfortunately, numerical weather prediction (NWP) model 

representation of the ET process is often associated with large forecast errors due to initial 

condition errors associated with the TC or midlatitude troughs (Torn and Hakim 2009). Poor 

NWP model representation of outflow ridging due to latent heat release associated with 

precipitation during TC Floyd (1999) caused the models to poorly forecast the enhanced jet-

streak dynamics and restructuring of the midlatitude trough accompanying the excessive 

precipitation that occurred during its ET process (Atallah and Bosart 2003). 

 Not all cases of inland storm redevelopment follow the traditional ET process. TC 

Agnes (1972) was one such case where inland reintensification occurred with the internal 

generation of vorticity and kinetic energy in the vicinity of Agnes due to the initial existence 

of in situ cyclonic vorticity associated with the remnant tropical storm (Bosart and Dean 

1991). Additionally, no strong frontal wave appearance was observed with the inland storm 

redevelopment of TC Agnes (Bosart and Dean 1991). The inland reintensification of TC 

David (1979) occurred in a weakly baroclinic environment, unlike the typical ET 

environment, due to an upward displacement of the dynamic tropopause associated with both 

advective and diabatic warming poleward and eastward of David (Bosart and Lackmann 

1995). The nearly moist neutral deep tropical air mass was favorable for vigorous ascent and 

low-level cyclonic vorticity generation given the existence of the remnant TC circulation 

associated with David (Bosart and Lackmann 1995). 
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 While more common in the Pacific Coast of the United States, the recognition of 

atmospheric rivers is another important tool for forecasting extreme precipitation and 

flooding with a flooding event in North and South Carolina in October 2010 attributed to an 

atmospheric river making landfall from the Atlantic (Ralph and Dettinger 2011). Although 

only three to five atmospheric rivers in each hemisphere at any one time occupy just 10% of 

the mid-latitudes, they carry an incredible 90% of the moisture moving poleward (Kerr 

2006). 

 The enhancement of rainfall from orographic lifting induced by the higher terrain 

associated with the Appalachian Mountains is another relevant process for landfalling TC 

QPFs in the Carolinas and Virginia. With the exception of divergence aloft and frictional 

convergence, all other lifting mechanisms associated with rainfall enhancement during 

landfalling TCs are a direct or indirect effect of topography (Harville 2009). A statistical 

study of maximum measured rainfall amounts of all TCs whose paths crossed the 

Appalachian Mountains from 1900 to 1969 revealed that there is a 40% chance of greater 

than 10 in of rain at some location in the mountains from any TC directly affecting the 

Appalachians (Haggard et al. 1973). Schwarz (1970) noted the importance of terrain in 

enhancing precipitation during TC Camille (1969) with the highest storm total precipitation 

value of 27 in occurring within a few miles of steep southeast-facing slopes in the 

Appalachian Mountains of Virginia. During the passage of TC Dean (2007) near the steep, 

mountainous terrain of Dominica, rainfall was nearly doubled over the higher terrain solely 

due to orographic lifting (Smith et al. 2009). Due to the fine-scales of terrain features where 

orographic enhancement occurs, NWP models often fail to adequately represent the 
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influences of high-relief topography on precipitation and flow dynamics (Kuligowski and 

Barros 1999). Additionally, a lack of precipitation observations that adequately capture the 

high spatial and temporal variability of precipitation in the Southern Appalachians limit an 

objective quantitative evaluation of the orographic enhancement of landfalling TCs in the 

Carolinas and Virginia (Sun and Barros 2012). 

 However, a primary determinant of TC QPF error is TC track forecast error (Marks 

and Shay 1998; Marchok et al. 2007). Official National Hurricane Center (NHC) TC position 

forecasts have improved with 48-h position forecast errors during 2000-08 comparable to 24-

h position forecast errors during 1970-89 largely due to advances in NWP model guidance 

(Rappaport et al. 2009). Nevertheless, TC track forecast errors still occur with an analysis of 

24-h forecasts during the 2008-10 North Atlantic TC seasons revealing that forecast motion 

errors are dominated by errors in the environmental wind field (Galarneau and Davis 2013). 

Additionally, Torn and Davis (2012) found that poor model representation of shallow 

convection also leads to biases in TC position due to the development of lower to middle-

tropospheric temperature and wind biases. Advanced Hurricane Weather Research and 

Forecasting Model (AHW) TC track forecast error was reduced up to 25% when using the 

Tiedtke cumulus parameterization (CP) scheme, which better simulates shallow convection, 

rather than the Kain-Fritsch CP scheme, which poorly represents shallow convection (Torn 

and Davis 2012). Cloud microphysical assumptions can also influence TC motion with 

microphysics parameterization (MP) schemes resulting in a smaller average particle fall 

speed leading to anvil enhancement that can influence the TC track via cloud-radiative 

interaction (Fovell et al. 2009). Simulations of TC Rita (2005) further indicated significant 
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track sensitivity to cloud microphysical details due to changes in the vortex characteristics 

(Fovell and Su 2007). A 20 member Weather Research and Forecasting (WRF) model 

ensemble highlighting the sensitivity of various MP and CP schemes during TC Rita (2005) 

revealed that the Purdue Lin and Kessler MP Schemes with the Betts-Miller-Janjic CP 

scheme best simulated the TC track while the WRF single-moment five-class MP scheme 

and Betts-Miller-Janjic CP scheme best simulated the model’s ability to generate 

precipitation (Nasrollahi et al. 2012). However, unlike Torn and Davis (2012), many of the 

differences between parameterization schemes were well within the uncertainty of the 

measurements (Nasrollahi et al. 2012). 

 

1. 3 Hypotheses  

 Previous studies have indicated a possible relationship between TC and PRE events 

along with PRE and CAD events preceding the landfall of TCs in the Carolinas and Virginia 

(Moore et al. 2010; 2013). However, previous studies have also indicated a need for model-

based experiments to quantify the relationship between the TC and PRE (Cote 2007; Moore 

et al. 2013) and more specifically the relationship between the PRE and CAD which  can 

help establish a coastal surface thermal boundary preceding TC landfall in the Carolinas and 

Virginia (Moore et al. 2010). TC Ernesto (2006) is one such case where all of these processes 

occurred. PRE development occurred along a frontal boundary across the Carolinas and 

Virginia ahead of TC landfall. However, development of mesoscale convective systems 

ahead of frontal boundaries is not uncommon during the late summer in the Southeastern 

United States where the environment is often very moist even in the absence of a nearby TC. 
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Additionally, TCs act as moisture sinks that remove water vapor from the surrounding 

environment. Therefore, it is hypothesized that in some cases the TC does not enhance 

moisture or precipitation associated with PREs in downstream locations.  

 Following the PRE, CAD developed across the Carolinas and Virginia before TC 

Ernesto made landfall. Model forecasts did not indicate CAD and had a westward bias in 

track and precipitation distribution for TC Ernesto in the region where PRE and CAD 

occurred. Furthermore, CAD development preceding TC landfall is dependent on the TC 

track (Harville 2009). Therefore, it is also hypothesized that poor model representation of the 

PRE can lead to a lack of CAD in model forecasts. As a result, the model will incorrectly 

place surface thermal boundaries leading to TC track and precipitation distribution errors in 

model forecasts. Understanding the causes of model error is crucial for improving the 

predictability of landfalling TC QPF in the Carolinas and Virginia. 

 

1. 4 Thesis Outline 

 Chapter 2 discusses the case selection process, observational analysis techniques, 

model configuration, and experimental design. Chapter 3 describes the evolution of synoptic 

and mesoscale features associated with TC Ernesto using observational data, the sensitivity 

experiments used to produce a control run and the model error associated with them, the 

relationship of TC Ernesto to the PRE, the relationship of the PRE to CAD, and the 

associated modulation of the frontal boundary location and TC Ernesto’s track and 

precipitation distribution forecasts. Chapter 4 summarizes the findings described in Chapter 3 

and relates them back to the original hypothesis before describing avenues for future work. 
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Figure 1.1: Conceptual model from Srock and Bosart (2009) highlighting key processes 
enhancing rainfall during TC Marco (1990). The cold pool associated with cold air damming 
and coastal front were induced by the nearby TC in this case. 
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Figure 1.2: Figure 20 from Moore et al. (2013) showing a conceptual diagram of key 
synoptic-scale features and processes for (a) Jet in Ridge, (b) Southwesterly Jet, and (c) 
Downstream Confluence category PREs.  
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Figure 1.3: Figure 19 from Moore et al. (2013) showing a synoptic-scale analysis for the PRE 
associated with TC Ernesto at 1800 UTC 30 Aug 2006 including (a) 200-hPa geopotential 
height field and wind speed, (b) SLP and PW, (c) Radar reflectivity, 925-hPa potential 
temperature, 925-hPa wind, and Petterssen frontogenesis, and (d) vertical cross section along 
the dashed black lines in (a) - (c) displaying potential temperature, Petterssen frontogenesis, 
water vapor mixing ratio, and flow vectors in the plane of the cross section. The PRE 
location in (a) and (b) is indicated by the “+” symbol, and the TC location in (a) - (c) is 
indicated by the tropical storm symbol. The latitudinal positions of the PRE and TC in (d) are 
indicated by the green and red triangles, respectively.  
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2. Methods 

 Section 2.1 describes the case selection process used in identifying cases for further 

investigation. Section 2.2 outlines the data and techniques used for completing a subjective 

and objective observational analysis for the selected case. Section 2.3 outlines the various 

data sources and model configurations used in producing a control run and experimental runs 

for the selected case. 

 

2.1 Case Selection 

 A list was first compiled of any TCs that moved through the CSTAR domain (Fig. 

2.1) from 1995 to 2011. From the list of 54 landfalling TCs moving through the CSTAR 

domain from 1995 to 2011, the following criteria were used to select candidate cases from 

the list: 

• Event took place after the year 2000 to allow for more complete data and better 

forecaster recollection, 

• Storm center moved over the Carolinas and/or Virginia, or close to the coast, and 

• Maximum rainfall exceeded 6 inches over the Carolinas and/or Virginia. 

 From these criteria, 12 candidate cases were then proposed for potential further 

investigation (Table 2.1). A Google spreadsheet was created and shared with NWS field 

offices and other collaborators to solicit input on each of the identified storms. Input included 

forecast challenges, errors, or successes, as well as insight or opinions on how precipitation 

was altered by any boundary interactions during the event. NWS Weather Forecast Offices 
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(WFOs) then took a rough inventory of any archived data they had for the list of cases. A 

case for further study was then chosen based on the available data, forecaster comments, 

presence of a boundary, and impacts (damage, fatalities) for each storm. Since adequate data 

was available, forecaster comments, particularly from the Charleston, South Carolina NWS 

WFO, indicated challenges in correctly predicting its track and precipitation distribution, the 

presence of a synoptic-scale boundary preceding landfall, and its relatively high impacts for a 

tropical storm, TC Ernesto (2006) was selected as a case for further study. In the case of TC 

Ernesto, the NHC track forecast issued approximately 36 h prior to landfall at 1500 UTC 30 

August 2006 predicted a landfall near Charleston, South Carolina (Fig. 2.2). In reality, TC 

Ernesto made landfall near Wilmington, North Carolina with little to no impacts in the 

Charleston, South Carolina area. Through understanding the reasons for the poor 

predictability of the track and precipitation distribution associated with TC Ernesto, future 

landfalling TC forecasts can be improved. 

 

2.2 Observational Analysis 

2.2.1 Subjective Observational Analysis 

 After selecting TC Ernesto as a case for further investigation, a detailed subjective 

and objective observational analysis was conducted. A subjective observational analysis was 

first completed using manual surface analyses and radar reflectivity to analyze the evolution 

of the frontal boundary. METAR hourly surface weather observations were obtained from 

NWS Weather Event Simulator (WES) data and displayed using the Advanced Weather 
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Interactive Processing Systems (AWIPS) Display Two Dimensions (D2D) program. Manual 

surface analyses of surface pressure and temperature were completed every six hours from 

1200 UTC 31 August 2006 – 2300 UTC 1 September 2006 in order to subjectively determine 

the location of the frontal boundary as Ernesto approached the coastline and moved inland 

through eastern North Carolina and southeastern Virginia. 

 Weather Service Radar 88 Doppler (WSR-88D) 0.5 ̊ composite reflectivity data were 

also obtained from NWS WES data and displayed using the AWIPS D2D program from 

1200 UTC 31 August 2006 – 2300 UTC 1 September 2006. WSR-88D 0.5 ̊ base reflectivity 

data were downloaded from NCDC from 0000 UTC - 2300 UTC 30 August 2006. Radar 

reflectivity structures were examined for evidence of a frontal boundary and compared to the 

manual surface analyses. The location of the frontal boundary in manual surface analyses 

was then compared to storm total precipitation analyses for Hurricane Ernesto prepared by 

the NWS Hydrometeorological Prediction Center (HPC), NWS Wilmington, North Carolina, 

and Wakefield, Virginia Weather Forecast Offices (WFOs) in order to determine the location 

of rainfall maxima in relation to the frontal boundary location. 

 

2.2.2 Objective Observational Analysis 

 Subjective observational analyses were then compared to objective analyses. Surface 

2-D frontogenesis and equivalent potential temperature fields were calculated from surface 

data using the Mesoscale Analysis and Prediction System (MAPS) Surface Assimilation 

Systems (MSAS) for each hour from 1200 UTC 31 August 2006 – 1800 UTC 1 September 

2006. Gridded datasets of the Rapid Update Cycle (RUC) with 20-km horizontal grid spacing 
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and 1-h temporal resolution were downloaded from the National Climatic Data Center 

(NCDC) National Operational Model Archive & Distribution System (NOMADS) Data 

Access System (http://nomads.ncdc.noaa.gov/data.php) for each hour from 0000 UTC 30 

August 2006 - 1200 UTC 2 September 2006. RUC surface 2-D frontogenesis, 2-m potential 

temperature, and 10-m wind fields were then compared to the manual analyses for 

verification of the frontal boundary location. The presence of upper-level features was 

determined using RUC 500-mb and 250-mb geopotential height and wind fields.  

 Gridded datasets of the National Centers for Environmental Prediction (NCEP) / 

Environmental Modeling Center (EMC) Stage-IV 1-h, 6-h, and 24-h precipitation data with 

4-km horizontal grid spacing were downloaded from the National Center for Atmospheric 

Research (NCAR) Earth Observing Laboratory (EOL) website (http://data.eol.ucar.edu/cgi-

bin/codiac/fgr_form/id=21.093) for each hour from 0000 UTC 30 August 2006 - 1200 UTC 

2 September 2006. The Stage-IV analysis combines radar-derived precipitation estimates 

(Fulton et al. 1998) and gauge reports hourly in real-time on a 4-km grid covering the 

continental United States (Davis et al. 2006). While some uncertainty exists due to limited 

quality control and spotty radar and gauge coverage, Stage-IV precipitation analysis data is 

typically adequate for estimating precipitation east of the Rocky Mountains (Davis et al. 

2006). Therefore, Stage-IV precipitation analyses were used to verify model QPF for this 

case. 
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2.2.3 CAD Detection 

 The presence of CAD was objectively determined using the CAD-detection algorithm 

designed by Bailey et al. (2003). The second derivative of sea level pressure and potential 

temperature is computed along three mountain normal lines (Fig. 2.3) using equation 2.1 
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from Bailey et al. (2003) where x denotes either sea level pressure (p) or potential 

temperature (θ), d represents distance, and the subscripts 1-3 denote stations running from 

west to east along a line (Fig. 2.3). Hourly surface observations were downloaded from 

NCDC for each of the stations along Lines A - D in Fig. 2.3. Potential temperature was 

calculated using equation 2.2 
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where T represents surface temperature, 0p is the standard reference pressure (1000 mb), p is 

the surface pressure, R is the gas constant of dry air (287.04 J kg-1 K-1), and cp is the specific 

heat of dry air at 0 ̊ C (1005 J kg-1 K-1). Sea level pressure and potential temperature 

Laplacians were calculated along Lines A - C (Fig. 2.3) with negative values of 2
∇ p 

associated with pressure maxima at the center station and positive values of 2
∇ θ associated 

with colder temperatures at the center station. The difference in sea level pressure was 

calculated between GSP-GSO and GSO-RIC along Line D (Fig. 2.3) as a surrogate 
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representation of ageostrophic northeasterly flow. The following criteria from Bailey et al. 

(2003) were then applied to the calculations in order to determine if CAD was present: 

• The Laplacian of sea level pressure in the mountain normal direction must be 

negative and exceed in magnitude one standard deviation of the average of all the 

negative Laplacian values in the mountain normal direction calculated from NCDC 

hourly surface observations. 

• The Laplacian for potential temperature in the mountain normal direction must be 

greater than zero. 

• Sea level pressure must be greater at the center station relative to the end stations. 

• The difference in the pressure along line D must be greater than 1.5 mb between 

either GSP and GSO or GSO and RIC, with higher values to the northeast. 

• All requirements must be met for at least six consecutive hours on at least one of the 

mountain-normal lines (A-C). 

 

2.3 WRF Model Configuration 

 After completing a thorough observational analysis of the various physical processes 

occurring during TC Ernesto, WRF version 3.2.1 was used to isolate the role of these 

processes in modulating the precipitation distribution associated with TC Ernesto. The WRF 

model is a numerical weather prediction (NWP) and atmospheric simulation model designed 

for both research and operational applications. The Advanced Research WRF (ARW) 

dynamical core, developed primarily at NCAR, is used in this study. It features numerous 

physics schemes, numerics/dynamics options, initialization routines, and a data assimilation 
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package that is well-suited for running idealized or case-study simulations. A more detailed 

description of the WRF model can be found in Skamarock (2008). 

 

2.3.1 Control Run 

 In order to isolate the role of physical processes in modulating precipitation 

distribution associated with TC Ernesto, a control run that simulates the observed storm 

features reasonably well must first be produced. Control simulations utilized a nested-grid 

approach, as indicated in Fig. 2.4. The model was configured with 47 vertical levels up to 50 

mb and with a 36-12-4 km grid length for the outer, middle, and innermost domains, 

respectively. A variety of physics selections with different initial condition data and times 

were utilized in order to get the most accurate control simulation possible (Table 2.2).  

 In order to test the sensitivity of the runs to initial and lateral boundary condition data 

sources, a variety of data sources were used including the NCEP GFS forecast and analysis 

datasets and the ERA-Interim reanalysis dataset. NCEP GFS Forecast and Analysis datasets 

with 80-km horizontal grid spacing and 6-h temporal resolution were downloaded from the 

NCDC NOMADS Data Access System. The ERA-Interim reanalysis dataset produced by the 

European Centre for Medium-Range Weather Forecasts (ECMWF; hereafter referred to as 

the ECMWF reanalysis) with 0.7 ̊ horizontal grid spacing and 6-h temporal resolution was 

downloaded from the NCAR Computational Information Systems Laboratory (CISL) 

Research Data Archive (http://rda.ucar.edu/). 

 The sensitivity of the runs to initial condition times was tested by varying the run start 

time at 6-h intervals from 0000 UTC 30 August 2006 - 0000 UTC 31 August 2006 using the 
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GFS forecast data. Runs using GFS analysis and ECMWF reanalysis data were all initialized 

at 0000 UTC 30 August 2006. All runs ended at 1200 UTC 2 September 2006. 

 For each of the runs, the Mellor-Yamada-Janjic (MYJ) Planetary Boundary Layer 

(PBL) scheme was used to parameterize sub-grid scale processes near the surface, the Noah 

Land Surface Model (LSM) was used to provide heat and moisture fluxes at the surface, and 

the Rapid Radiative Transfer Model (RRTM) Longwave and MM5 (Dudhia) Shortwave 

schemes were used to represent atmospheric heating due to radiative processes. For most of 

the runs, the WRF Single-Moment 6-class (WSM6) microphysical parameterization (MP) 

scheme was used to represent liquid and ice microphysical processes and the Betts-Miller-

Janjic (BMJ) cumulus parameterization (CP) scheme was used to parameterize convection. In 

order to test the model sensitivity to physics schemes, the MP and CP schemes for the GFS 

forecast run initialized at 1200 UTC 30 August 2006 were changed to the Goddard Cumulus 

Ensemble (GCE) Model MP scheme and the Kain-Fritsch (KF) CP scheme. The MP scheme 

was also changed to the GCE Model MP scheme for the ECMWF reanalysis run. 

 Each of the model simulations were run on the outermost 36-km domain. However, to 

test the model sensitivity to grid spacing, the GFS forecast run initialized at 1200 UTC 30 

August 2006 and the ECMWF analysis run both using the WSM6 MP scheme and BMJ CP 

scheme were run using the outermost 36-km domain with nested 12-km and 4-km middle and 

inner domains, respectively. 

 The most accurate run from the ensemble of runs varying initial condition data 

sources, times, and physics selections was selected as the control run. TC track and intensity 

errors were used to objectively determine which run was most accurate. The TC track error 
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was defined as the distance of the TC center for each of the model runs from the observed TC 

center obtained from NHC best track data. The TC intensity error was defined as the 

difference between the lowest minimum mean sea level pressure (MSLP) of the TC center 

for each of the model runs and the observed minimum MSLP of the TC center from NHC 

best track data. The coordinates and magnitude of the center of lowest pressure associated 

with the TC was manually determined for every 6 hours using the Integrated Data Viewer 

(IDV) from Unidata. The root mean square error (RMSE) was then calculated for both TC 

track and intensity errors over the entire model run time to objectively determine which run 

was most accurate. The model run with the lowest combined track and intensity RMSE was 

then chosen as the control run. 

 The presence of CAD was then determined using the CAD-detection algorithm 

designed by Bailey et al. (2003) outlined previously in Section 2.2. Hourly surface 

temperature and sea level pressure values were extracted using IDV from grid points nearest 

to the stations along Lines A - D in Fig. 2.3. After calculating potential temperature using Eq. 

2.2, sea level pressure and potential temperature Laplacians were calculated using Eq. 2.1 

along Lines A - C (Fig. 2.3). The difference in sea level pressure was calculated between 

GSP-GSO and GSO-RIC along Line D (Fig. 2.3). These calculations were then applied to the 

CAD detection criteria from Bailey et al. (2003) outlined in Section 2.2. 

 

2.3.2 Experimental Runs 

 After completing the ensemble of runs used to produce the most realistic control 

simulation, experimental runs were conducted to isolate the role of different processes in 
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modulating precipitation distribution associated with TC Ernesto. In order to test the first 

hypothesis, the enhancement of moisture or precipitation associated with the PRE due to the 

TC was investigated by removing the TC vortex, as described in Section 2.3.2.1. The second 

hypothesis was investigated by inserting dry low-level air beneath the PRE region to produce 

CAD and modulate the surface thermal boundary location preceding TC landfall, as 

described in Section 2.3.2.2. 

 

2.3.2.1 Relationship of the PRE to the TC 

 The TC vortex was removed from the control run for both the outermost 36-km and 

inner 12-km domains using the WRF TC Bogus Scheme. The latitude, longitude, maximum 

observed sustained wind, and radius from the cyclone center to where the maximum wind 

speed occurs were all obtained from NHC Best Track data at the model initialization time 

and used to remove the vortex for both domains with a representativeness scale factor for the 

model’s Rankine vortex of 0.8. WRF was then run for the full time period (1200 UTC 30 

August 2006 - 1200 UTC 2 September 2006) with the TC vortex removed to simulate the 

evolution of the PRE without TC Ernesto. The TC vortex was also removed at 0000 UTC 30 

August 2006, and WRF was run for the time period 0000 UTC 30 August 2006 - 1200 UTC 

2 September 2006 to determine if additional moisture transport from the TC region occurs at 

earlier times. 
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2.3.2.2 Relationship of the PRE and CAD to TC Precipitation Distribution 

 In order to test the second hypothesis that a lack of CAD in model forecasts led to an 

incorrect placement of the surface thermal boundary the development of CAD was necessary 

within the model to determine its role in modulating the surface thermal boundary location 

and TC track and precipitation distribution. An initial run was conducted without terrain to 

test the sensitivity of CAD development to terrain. For this run, the elevation for all land 

features was set equal to sea level for the outermost 36-km, inner 12-km, and innermost 4-km 

domains from the control run.  

 An attempt at CAD development in the model was done through inserting dry low-

level air beneath the PRE region. Through evaporative cooling of precipitation in the PRE 

region, the production of CAD might be enhanced. Dry air was inserted at the 950-hPa, 975-

hPa, 1000-hPa, and surface layers of the met_em file for the initial time from the control run 

by modulating the relative humidity (RH) in box regions within the outermost model domain. 

RH was reduced to 50%, 30%, and 10% initially over two box regions located across the 

Carolinas and Virginia (Fig. 2.5). In order to determine if CAD developed while using 

minimal computing resources, WRF was run for 24 hours (1200 UTC 30 August 2006 - 1200 

UTC 31 August 2006) on the outermost domain using the met_em files with 50%, 30%, and 

10% RH within the initial two box regions. For the model run with the strongest CAD 

development, WRF was run out to 72 hours (1200 UTC 30 August 2006 - 1200 UTC 2 

September 2006) to determine if the surface thermal boundary and TC track and precipitation 

distribution were modulated. 
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 In order to further test the effect of CAD on modulating the surface thermal boundary 

location and the TC track and precipitation distribution, low-level dry air was needed across 

a broader region upstream of the CAD development region to maintain and strengthen CAD 

at later times immediately preceding TC landfall. In order to determine the source of low-

level air within the CAD region, back trajectories were calculated using the National Oceanic 

and Atmospheric Administration (NOAA) (HYSPLIT) model at 500 m for 24 h ending at 

1200 UTC 31 August 2006. RH was reduced to 10% in the initial met_em file over an 

additional two boxes located within the source region of low-level air advected into the CAD 

region as determined using back trajectories (Fig. 2.6). WRF was then run out to 72 hours 

(1200 UTC 30 August 2006 - 1200 UTC 2 September 2006) to determine if CAD 

development was stronger and more persistent and how the surface thermal boundary and TC 

track and precipitation distribution were modulated.  

 In order to test the sensitivity of CAD representation to model physics, an additional 

WRF run was completed for the same time period over the outermost 36-km domain with the 

KF CP scheme instead of the BMJ CP scheme. No CP scheme was used for the innermost 4-

km domain. The KF CP scheme was chosen since it produces less shallow mixing, which in 

turn maintains stratus and reduces the transmission of solar radiation through clouds relative 

to the BMJ CP scheme.  The results of these two runs were then compared to determine the 

sensitivity of the PRE and CAD to model physics. 
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Figure 2.1: The CSTAR study domain (outlined in white) used to identify landfalling TC 
cases that moved through it from 1995 to 2011 for potential further investigation. 
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Figure 2.2: Comparison of NHC Track Forecast issued at 1500 UTC 30 August 2006 (green) 
to NHC best track position (white). Charleston, South Carolina and Wilmington, North 
Carolina are represented by the red and yellow dots respectively. 
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Figure 2.3: Surface stations and lines used in the objective CAD-detection algorithm 
developed by Bailey et al. (2003). The numbers 1-3 in each of the lines corresponds to Eq. 
(2.1) in the text. 
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Figure 2.4: WRF domains used for Ernesto simulations: outer domain features 36-km grid 
spacing, with a 12-km and 4-km middle and innermost domain grid length, respectively. 
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Figure 2.5: The initial two boxes (yellow shading) where RH was reduced to 50%, 30%, and 
10% in the experimental runs testing the second hypothesis. 
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Figure 2.6: The additional two box regions (yellow shading) where RH was reduced to 10% 
at locations upstream of the initial two box regions (yellow shading) located over the 
Carolinas and Virginia. 
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Table 2.1: Candidate cases proposed for further research based upon data availability, 
forecaster comments, and impacts (damage, fatalities). Tropical cyclone intensity at landfall 
and impacts determined from NHC Tropical Cyclone Reports. Tropical cyclone dates and 
maximum rainfall determined from HPC Tropical Cyclone Rainfall Data webpage 
(http://www.hpc.ncep.noaa.gov/tropical/rain/tcrainfall.html). Presence of boundary in the 
nearby region where TC landfall occurred determined using HPC’s Surface Analysis Archive 
webpage (http://www.hpc.ncep.noaa.gov/html/sfc_archive.shtml).   
 

Tropical 

Cyclone 
Date 

Intensity 

at Landfall 

Maximum 

Rainfall 

Boundary 

Present? 
Impacts1 

Irene 
24 - 30 Aug 

2011 
Category 1 

10 in +  
Eastern NC 

Yes 
41 casualties 

$7 billion 

Hanna 4 - 7 Sep 2008 TS 
5 in +  

Central NC 
Yes 

0 casualties 
$160 million 

Fay 
17 - 29 Aug 

2008 
TS 

10 in + 
Western/cent

ral NC 
Yes 

5 casualties 
$560 million 

Ernesto 
30 Aug - 4 Sep 

2006 
TS 

10 in + 
Eastern 
NC/VA 

Yes 
2 casualties 

$500 million 

Alberto 
11 - 15 June 

2006 
TS 

7 in + 
Central NC 

Yes 
1 casualty 

Small losses 

Gaston 
25 Aug - Sep 1 

2004 
Category 1 

10 in + 
Eastern SC; 

Southeast VA 
Yes 

8 casualties 
$130 million 

Isabel 17 - 21 Sep 2003 Category 2 

5 in + 
Northeast 

NC; 
Central VA 

Yes 
34 casualties 
$3.37 billion 

Kyle 9 - 12 Oct 2002 TS 
7 in + 

Central NC 
Yes 

0 casualties 
$5 million 

Jeanne 26 - 28 Sep 2004 Category 3 
6 in + 

Western NC 
Yes 

5 casualties 
$6.88 billion 

Charley 
13 - 14 Aug 

2004 
Category 4 

5 in + 
East central 

NC 
Yes 

10 casualties 
$15.11 
billion 

Frances 3 - 11 Sep 2004 Category 2 
20 in + 

Western NC 
Yes 

6 casualties 
$9 billion 

Ivan 13 - 19 Sep 2004 Category 3 
15 in + 

Western NC 
Yes 

25 casualties 
$14.2 billion 

 
1) Impacts include direct casualties and uninsured losses occurring only in the United States. 
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Table 2.2: A summary of the various WRF sensitivity runs utilizing different initial condition 
(IC) data sources, IC times, microphysics parameterization (MP) schemes, and convective 
parameterization (CP) schemes in order to produce a reasonably accurate control run. 
 

Sensitivity Run IC Data Source IC Time MP Scheme 
CP 

Scheme 

IC Time 1 GFS Forecast 00 UTC 8/30 WSM6 BMJ 

IC Time 2 GFS Forecast 06 UTC 8/30 WSM6 BMJ 

Control GFS Forecast 12 UTC 8/30 WSM6 BMJ 

IC Time 3 GFS Forecast 18 UTC 8/30 WSM6 BMJ 

IC Time 4 GFS Forecast 00 UTC 8/31 WSM6 BMJ 

Physics 1 GFS Forecast 12 UTC 8/30 Goddard BMJ 

Physics 2 GFS Forecast 12 UTC 8/30 WSM6 KF 

IC Data Source 1 GFS Analysis 00 UTC 8/30 WSM6 BMJ 

IC Data Source 2 ECMWF Reanalysis 00 UTC 8/30 WSM6 BMJ 

IC Data Source 2 
& Physics 1 

ECMWF Reanalysis 00 UTC 8/30 Goddard BMJ 
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3. Observational Analysis 

3.1 Event Summary 

 TC Ernesto occurred from 24 August - 1 September 2006 (Fig. 3.1). The following 

summary of Ernesto was largely derived from the 2006 Atlantic hurricane season summary 

by Franklin and Brown (2008). Ernesto initially formed from a tropical wave that emerged 

from the west coast of Africa and first became a tropical storm on 25 August while south of 

Puerto Rico. While centered just south of Haiti, it briefly reached hurricane strength on 27 

August with maximum sustained winds of 65 kt and a minimum pressure of 992 hPa. 

However, it quickly weakened while passing the tip of Haiti before making landfall as a 

tropical storm along the southeastern coast of Cuba at approximately 1100 UTC 28 August. 

After staying inland over Cuba for about 18 h, Ernesto turned northwestward due to the 

influence of a midlevel high pressure area over the Southeastern United States and made a 

second landfall as a tropical storm with maximum sustained winds of 40 kt and a minimum 

central pressure of 1003 hPa at Plantation Key, Florida around 0300 UTC 30 August 

(Franklin and Brown 2008). It remained a tropical storm as it passed northward over Florida 

within a weakness in the midlevel ridge on 30 August. Ernesto intensified to a strong tropical 

storm on 31 August as it moved north-northeastward off the southeastern United States 

coastline.  Ernesto was slightly below hurricane strength when it made its final landfall at 

0340 UTC 1 September on Oak Island, North Carolina with maximum sustained winds of 60 

kt and a minimum central pressure of 985 hPa. As Ernesto moved inland over eastern North 

Carolina, it weakened to a tropical depression by 1200 UTC 1 September. Finally, Ernesto 
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became extratropical at approximately 1800 UTC 1 September as the center of circulation 

reached the North Carolina-Virginia border. 

 While significant rainfall occurred throughout Florida following the second landfall 

of Ernesto, the greatest storm total rainfall amounts occurred across eastern North Carolina 

and Virginia where a broad swath of storm total rainfall amounts exceeding 7 in were 

measured with isolated pockets greater than 10 in (Fig. 3.2). These heavy rains led to river 

flooding for several days after Ernesto’s final landfall which inundated several homes along 

the Northeast Cape Fear River north of Wilmington, North Carolina. Additional flooding 

occurred across southeastern Virginia where a storm total rainfall of 9.05 in was measured in 

Norfolk, Virginia (Knabb and Mainelli 2006; Fig. 3.3). A total of five weak tornadoes were 

reported in association with Ernesto with three of the tornadoes reported in eastern North 

Carolina on 31 August. Minor coastal flooding and beach erosion occurred along the 

immediate Atlantic coastline due to storm surge. Strong winds also led to downed trees and 

power lines in coastal areas of North Carolina, Virginia, Delaware, and New Jersey where 

gale-force winds occurred due to the enhanced pressure gradient as Ernesto moved towards 

high pressure centered over southeastern Canada. While Ernesto was directly responsible for 

five fatalities in Haiti, only two deaths were caused by the extratropical remnants of Ernesto 

in the United States when a tree fell on a residence in Virginia. Total property damage in the 

United States was estimated at roughly $500 million. 
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3. 2 Synoptic Overview 

 One feature for the TC Ernesto case that initially made it of interest was the presence 

of a weak frontal boundary draped across the southeastern United States at 1200 UTC 30 

August preceding its landfall (Fig. 3.4). The interaction of the TC with the frontal boundary 

and its effect on precipitation distribution was an initial feature of interest for this study. 

However, other features also played a role in modulating the precipitation distribution for this 

case.  

 Following the landfall of TC Ernesto in Florida, an upper level trough and an 

associated jet were located across the Great Lakes region while an upper level ridge was 

located off the southeastern United States coast at 0000 UTC 31 August (Fig. 3.5a,b). A 

warm, moist environment was in place across much of the southeastern United States with a 

surface trough extending over the Carolinas while Ernesto was located over Florida (Fig. 

3.5c,d). The upper level trough split into a stronger, more progressive northern trough over 

the Canadian Maritimes and a weaker, less progressive southern trough over the Great Lakes 

region by 1200 UTC 31 August (Fig. 3.6a ,b). The right entrance region of an upper level jet 

streak was located over the Carolinas and Virginia (Fig. 3.6a). Beneath the jet entrance 

region, a warm, moist environment was in place at the 850-hPa level (Fig. 3.6c), making the 

environment favorable for precipitation. Meanwhile, the surface trough pushed southward as 

a slight ridge of high pressure, indicative of weak CAD, extended southward over Virginia 

(Fig. 3.6d). The upper level southern trough over the Ohio Valley and ridge off the 

southeastern coast remained nearly stationary by 0000 UTC 1 September steering Ernesto 

northward towards the Carolina coast (Fig. 3.7a,b). The vorticity maximum associated with 
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Ernesto sharply increased (Fig. 3.7b) and the minimum surface pressure decreased (Fig. 3.7d) 

by 0000 UTC 1 September as the TC intensified to near hurricane strength before making 

landfall on Oak Island, North Carolina at 0340 UTC 1 September. The environment over the 

Carolinas and Virginia remained favorable for precipitation poleward of the TC as the right 

jet entrance region remained over Virginia (Fig. 3.7a) supporting upper level divergence. At 

the 850-hPa level, the environment remained warm and moist with an easterly flow advecting 

moisture inland (Fig. 3.7c). However, the slight ridging of sea level pressure over Virginia 

noted at 1200 UTC 31 August (Fig. 3.6d) became less noticeable by 0000 UTC 1 September 

as lower pressure associated with the TC moved over the Carolinas (Fig. 3.7d). At 0000 UTC 

2 September, the 500-hPa vorticity maximum associated with the TC weakened as the 

southerly trough over the Ohio Valley and increased upper-level ridging over the Northeast 

(Fig. 3.8a,b) steered Ernesto northward. Increased upper-level ridging also contributed to a 

weaker, secondary 250-hPa jet streak separating from the main jet streak over the Southern 

Appalachians as the trough remained stationary over the Ohio Valley (Fig. 3. 8a). As a result, 

a coupled left exit and right entrance region over the Mid-Atlantic region (Fig. 3.8a) favored 

upper level divergence over a moist region at 850 hPa (Fig. 3.8c) with a strong low-level 

easterly flow and warm advection north of the TC center (Fig. 3.8c,d).   

 

3. 3 Mesoscale Analysis 

 A detailed analysis of mesoscale features was also necessary to identify what 

processes potentially played a role in modulating the precipitation distribution associated 

with TC Ernesto. Manual surface analyses were first completed to assist in determining what 
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processes occurred. These analyses were then compared with RUC analyses. Radar and 

satellite imagery and Stage-IV accumulated precipitation totals were also compared to the 

manual surface analyses to determine the location of precipitation in relation to identified 

mesoscale features. 

 The presence of a frontal boundary across the Carolinas and Virginia (Fig. 3.4) with a 

southerly flow advecting warm, moist low-level air (Fig. 3.5c) beneath a region favorable for 

synoptic-scale lifting (Fig. 3.5a) led to the initiation of convection at 1800 UTC 30 August 

(Fig. 3.9a). This convection was very persistent, lasting until approximately 0600 UTC 31 

August (Fig. 3.9b, 3.14c, 3.15a). The presence of a TC upstream of the convection and the 

persistence and intensity of the rainfall produced by the mesoscale convective system (MCS) 

that occurred over the Carolinas and Virginia from 1800 UTC 30 August - 0600 UTC 31 

August makes this convective event a candidate PRE case. 

 The PRE criteria outlined in Section 1.2.1 were used to determine if the MCS that 

occurred over the Carolinas and Virginia preceding the landfall of TC Ernesto was in fact a 

PRE. Radar reflectivity values ≥35 dBZ within a coherent area of rainfall were present for 

approximately 12 h for this case (Figs. 3.10a,b, 3.15c, 3.16a). During this period, localized 

areas recorded ≥ 4 in (24 h)-1 (100 mm (24 h)-1) within a larger region of rainfall ≥ 1 in (24 

h)-1 over North Carolina and Virginia (Fig. 3.10). Much of this rainfall occurred within a 6 h 

period (1800 UTC 30 August - 0000 UTC 31 August) over North Carolina (Fig. 3.14d) and 

(0000 UTC - 0600 UTC 31 August) Virginia (Fig. 3.15b). A clear separation was present on 

radar imagery between the MCS over North Carolina and Virginia and the TC rain shield 

over Florida at 0000 UTC 31 August (Fig. 3.11). Finally, deep tropical moisture directly 



 

49 

associated with TC Ernesto is advected away from the TC region over south Florida 

northward into the MCS region over North Carolina from 0000 UTC - 1200 UTC 30 August 

(Fig. 3.12a,b). However, by 0000 UTC 31 August when the MCS was at its maximum 

intensity, the high precipitable water values within the MCS region appear to be separate 

from the high precipitable water values within the TC region (Fig. 3.12c). High precipitable 

water values were also present preceding convective initiation over two distinct regions 

including the southern Atlantic coastal plain and the Mid-Atlantic region at 0000 UTC 30 

August (Fig. 3.12a). Both regions combine ahead of the frontal boundary over the region of 

convective initiation in North Carolina by 1200 UTC 30 August (Fig. 3.12b). Therefore, 

moisture not directly associated with the TC ahead of the frontal boundary was also present 

over the MCS region. Nevertheless, each of the four PRE criteria proposed by Galarneau et 

al. (2010) were met for the MCS occurring over North Carolina and Virginia from 1800 UTC 

30 August - 0600 UTC 31 August. Furthermore, Moore et al. (2013) highlighted the MCS 

associated with TC Ernesto as an illustrative case study for downstream confluence category 

PREs. Therefore, the MCS can be classified as a PRE. 

 One notable effect of the PRE over North Carolina and Virginia was the modulation 

of the frontal boundary position that followed its development. At the time of convective 

initiation, 1800 UTC 30 August (Fig. 3.9a), lower relative humidity values below 900 hPa at 

Greensboro, North Carolina suggests the low-level environment was somewhat favorable for 

evaporational cooling and cold pool development (Fig. 3.13). After convection initiated 

along the warm side of the frontal boundary (Figs. 3.4, 3.9a), a cold pool developed beneath 

a region of heavy precipitation that fell over central North Carolina from 1800 UTC 30 
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August - 0000 UTC 31 August (Fig. 3.14a,c,d). The development of a cold pool is confirmed 

when looking at the presence of a mesohigh in the manual analysis (Fig. 3.14a). Additionally, 

the RUC analysis indicates a region of low potential temperature beneath the PRE with 

frontogenesis occurring along the southern and northern peripheries of the PRE region (Fig. 

3.14b). By 1200 UTC 31 August, precipitation associated with Ernesto moved northward 

over much of the Carolinas (Fig. 3.16c,d). Heavier precipitation over south central North 

Carolina and north central South Carolina (Fig. 3.16c,d) helped to maintain the cold pool 

region which is evident in the manual analysis as a ridge of high pressure extending 

southward from Virginia into North Carolina (Fig. 3.16a). Additionally, the region of 

potential temperature values less than 296 K remained intact over Virginia and the Carolinas 

serving as further evidence that the cold pool was maintained at 1200 UTC 31 August (Fig. 

3.16b). High frontogenesis values along with a sharp surface temperature and potential 

temperature gradient along the coastline all serve as evidence that the frontal boundary 

remained intact at 1200 UTC 31 August as a coastal front (Fig. 3.16a,b).  

 Following cold pool development at 0000 UTC 30 August, surface analyses at 1200 

UTC 31 August became indicative of CAD with a ridge of high pressure extending 

southward into the Carolinas east of the Appalachians with light east-northeast winds at the 

surface over Virginia and the Carolinas (Fig.3.16a,b). The presence of precipitation and its 

earlier role in developing a cold pool suggests that diabatic effects likely played a role in the 

southward extension of weak CAD into the Carolinas in this case. Additionally, the location 

of the surface high pressure at 1200 UTC 31 August (Fig. 3.6d) indicates that a Hybrid CAD 

event, as defined by Bailey et al. (2003) and defined in Section 1.2.2, occurred preceding the 
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landfall of TC Ernesto in North Carolina (Fig. 3.17). The objective CAD-detection algorithm 

designed by Bailey et al. (2003) was employed using observational data for ten stations along 

four lines in the CAD region (Fig. 2.2) and provided additional support to the interpretation 

that CAD was present across Virginia and the Carolinas from 0500 UTC - 1400 UTC 31 

August (highlighted in green; Table 3.1). 

 As the TC center moved northward, it began to interact with the frontal boundary 

offshore of the Carolinas at 0000 UTC 1 September (Fig. 3.19a). The increased northeasterly 

flow and cloud cover associated with the TC from 1200 UTC 31 August - 0000 UTC 1 

September over eastern North Carolina (Fig. 3.18) helped to maintain the cold pool over 

eastern North Carolina into South Carolina (Fig. 3.19b,c,d). The cold pool helped to maintain 

the surface thermal boundary location as a stationary front north of the TC center 

immediately offshore from North Carolina along which heavier precipitation totals occurred 

from 1800 UTC August 31 - 0000 UTC 1 September (Fig. 3.19a,b). Meanwhile,  increased 

northeasterly flow advected cooler air southward over the Carolinas and eastward 

immediately south of the TC center as a cold front offshore of South Carolina (Fig. 3.19a). 

 After making landfall at 0340 UTC 1 September on Oak Island, North Carolina, TC 

Ernesto moved northward inland over eastern North Carolina. By 1200 UTC 1 September, 

the extratropical transition of TC Ernesto was well underway as the pressure, temperature, 

and precipitation fields associated with the TC developed an increasingly asymmetric 

structure (Fig. 3.20a). Northerly flow advecting cool air southward west of the TC center 

aided in strengthening the cold pool over central Virginia and North Carolina (Fig. 3.20b). 

Frontogenesis south of the TC center suggests that the cold front was strengthening as the 
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barotropic, warm-core TC transitioned into a baroclinic, cold-core extratropical TC (Fig. 

3.20b). Meanwhile, frontogenesis remained strongest east of the TC center along the warm 

front where precipitation remained heaviest (Fig. 3.20b,c,d). Additional precipitation 

enhancement occurred immediately east of the TC center ahead of the cold front where 

reflectivity values > 50 dBZ correspond to a localized area of 6 h accumulated precipitation > 

6 in (Fig. 3.20c,d). This region of highest reflectivity values associated with enhanced 

precipitation moved northward into Virginia as the cold front surged eastward causing the 

system to occlude by 0000 UTC 2 September (Fig. 3.21a,c,d). Cold advection dominated 

around the TC center at this time causing cooler air associated with lingering CAD to 

become entrained into the TC center and greatly reducing precipitation intensity near the TC 

center (Fig. 3.21b,c). However, frontogenesis remained strong along the occluded and warm 

fronts where 6 h accumulated precipitation > 6 in occurred from 1800 UTC 1 September - 

0000 UTC 2 September across southeastern Virginia (Fig. 3.21a,b,d). 

 

3.4 Observational Summary 

 The observational analysis revealed that a PRE occurred over the Carolinas and 

Virginia from 1800 UTC 30 August - 0600 UTC 31 August ahead of a frontal boundary 

draped across the southeastern United States (Fig. 3.4) and beneath the right entrance region 

of a 250-hPa jet streak (Fig 3.5a). A cold pool developed within the PRE region that 

contributed to the southward extension of CAD over the Carolinas and the eastward 

modulation of the surface thermal boundary by 1200 UTC 31 August (Fig. 3.16b; Table 3.1). 

Cloud cover and increased northeasterly flow associated with the poleward movement of the 
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TC from 1200 UTC 31 August - 0000 UTC 1 September helped to maintain CAD and the 

surface thermal boundary position along the Carolina coastline preceding TC landfall at 0340 

UTC 1 September (Figs. 3.18, 3.19a,b). The surface thermal boundary then became entrained 

into the TC circulation as it moved poleward through eastern North Carolina by 1200 UTC 1 

September with enhanced rainfall occurring along a warm front immediately east of the TC 

center (Fig. 3.20a,c,d). Extratropical transition occurred by 0000 UTC 2 September as the TC 

moved poleward into southeastern Virginia (Fig. 3.21a). 

 Numerical simulations will next be conducted to elucidate the relationship of the TC 

to the PRE and the relationship of the PRE to CAD development and TC precipitation 

distribution. A control run that simulates the structure and evolution of the PRE, CAD, and 

the TC, as outlined by the observational analysis, will first be conducted. Using the control 

run, additional experimental runs will be conducted to isolate the role of the TC in the PRE 

and the role of the PRE in CAD development and modulation of TC precipitation 

distribution. 
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Figure 3.1: Official track of Hurricane Ernesto courtesy of the National Hurricane Center. 
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Figure 3.2: Storm-total precipitation analysis courtesy of the Hydrometeorological Prediction 
Center. 
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Figure 3.3: A fire fighter assists residents in evacuating flooded apartments in Newport 
News, Virginia on 1 September 2006 (courtesy of the Daily Press). 
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Figure 3.4: Surface analysis from 1200 UTC 30 August 2006 created by the 
Hydrometeorological Prediction Center. Note the cold frontal boundary (blue line) across the 
Southeastern United States while TC Ernesto is located over southern Florida. 
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(a)      (b) 
 

 
 

(c)      (d) 
 

 
 

Figure 3.5: Four panel plot of atmospheric conditions from the RUC analysis at 0000 UTC 
31 August 2006 including: (a) 250-hPa winds (shaded, knots) and heights (solid, every 6 
dam), (b) 500-hPa absolute vorticity (shaded, 10-5 s-1) and heights (solid, every 3 dam), (c) 

850-hPa relative humidity (shaded, %), heights (solid, every 3 dam), temperature (dashed, 

every 2 ̊ C), and wind (barbs, knots convention), and (d) the sea level pressure (solid, every 

2-hPa) and 1000-500-hPa thickness (dashed, every 6 dam). 
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(a)      (b) 
 

 
 

(c)      (d) 
 

 
 

Figure 3.6: As in Fig. 3.5 except at 1200 UTC 31 August 2006. 
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(a)      (b) 
 

 
 

(c)      (d) 
 

 
 

Figure 3.7: As in Fig. 3.5 except at 0000 UTC 1 September 2006. 
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(a)      (b) 
 

 
 

(c)      (d) 
 

 
 

Figure 3.8: As in Fig. 3.5 except at 0000 UTC 2 September 2006. 
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(a) 
 

 
 

(b) 
 

 
 
Figure 3.9: Radar base reflectivity (dBZ) from the Raleigh, North Carolina (KRAX) radar 
site at (a) 1800 UTC 30 August 2006 and (b) 2100 UTC 30 August 2006. 
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Figure 3.10: Stage IV 24 h accumulated precipitation (in) ending at 1200 UTC 31 August 
2006. 
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Figure 3.11: HPC Surface Analysis at 0000 UTC 31 August 2006. 
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(a)      (b) 
 

 
 

(c) 
 

 
 

Figure 3.12: RUC surface precipitable water values (shaded, in) and 10-m wind (barbs, knots 
convention) at (a) 0000 UTC 30 August 2006, (b) 1200 UTC 30 August 2006, and (c) 0000 
UTC 31 August 2006. 
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Figure 3.13: Upper air sounding from Greensboro, North Carolina at 1800 UTC 30 August 
2006.  
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(a)      (b) 

 

 
 

(c)      (d) 
 

 
 

Figure 3.14: Comparison of (a) manual surface analysis with isobars (solid, every 2 hPa), 

isotherms (dashed, every 2 ̊ F), and standard frontal notation, (b) RUC surface frontogenesis 

(shaded, 10-1 K/100 km/3 h), 2-m isentropes (solid, every 1 K), and 10-m wind (barbs, knots 
convention), (c) radar reflectivity (shaded, dBZ), and (d) Stage-IV 6-h accumulated 
precipitation (shaded, in) ending at 0000 UTC 31 August 2006. 
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(a) 
 

 
 

(b) 
 

 
 

Figure 3.15: Comparison of (a) radar reflectivity (shaded, dBZ) at 0600 UTC 31 August 2006 
and (b) Stage-IV 6-h accumulated precipitation (shaded, in) ending at 0600 UTC 31 August 
2006.  
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(a)      (b) 
 

 
 

(c)      (d) 
 

 
 

Figure 3.16: As in Fig. 3.14 except at 1200 UTC 31 August 2006. 

  



 

70 

 
 
Figure 3.17: Geographical domains applied to the location and intensity of the parent 
anticyclone at CAD onset used by Bailey et al. (2003) in their CAD classification scheme. 
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Figure 3.18: Infrared satellite imagery from 1800 UTC 31 August 2006. 
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(a)      (b) 
 

 
 

(c)      (d) 
 

 
 

Figure 3.19: As in Fig. 3.14 except at 0000 UTC 1 September 2006. 
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 (a)      (b) 
 

 
 

(c)      (d) 
 

 
 

Figure 3.20: As in Fig. 3.14 except at 1200 UTC 1 September 2006. 
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(a)      (b) 
 

 
 

(c)      (d) 
 

 
 

Figure 3.21: As in Fig. 3.14 except at 2300 UTC 1 September 2006. Stage IV 6-h 
accumulated precipitation ending at 0000 UTC 2 September 2006. 
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Table 3.1: Results from the CAD detection algorithm created by Bailey et al. (2003) for 0000 
UTC 30 August - 1200 UTC 2 September 2006. “1” denotes if the criteria were met along a 
line at a given time. “0” denotes if the criteria were not met along a line at a given time. 
Boxes highlighted in yellow distinguish periods equal to or greater than 6 h where the criteria 
were continuously met along a given line. Boxes highlighted in green distinguish periods 
equal to or greater than 6 h where the criteria were continuously met along all lines. 
 

YEARMODAHRMN Line A Line B Line C Line D 

200608300054 0 0 0 0 

200608300154 0 0 0 0 

200608300254 0 0 0 0 

200608300354 0 0 0 0 

200608300454 0 0 0 0 

200608300554 0 0 0 0 

200608300654 0 0 0 0 

200608300754 0 0 0 0 

200608300854 0 0 0 0 

200608300954 0 0 0 0 

200608301054 0 0 0 0 

200608301154 1 0 0 0 

200608301254 1 0 0 0 

200608301354 1 0 0 0 

200608301454 1 0 0 0 

200608301554 1 0 0 0 

200608301654 1 0 0 0 

200608301754 1 0 0 1 

200608301854 1 0 0 1 

200608301955 0 0 0 1 

200608302054 0 1 1 1 

200608302154 0 1 1 0 

200608302254 0 1 0 1 

200608302354 0 1 0 1 

200608310054 0 0 0 1 

200608310154 1 0 0 1 

200608310254 1 1 0 1 

200608310354 1 0 1 1 

200608310454 1 1 1 1 

200608310554 1 1 1 1 

200608310654 1 1 1 1 
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Table 3.1 Continued 
 

YEARMODAHRMN Line A Line B Line C Line D 

200608310754 1 1 1 1 

200608310854 1 1 1 1 

200608310954 1 1 1 1 

200608311054 1 1 1 1 

200608311154 1 1 1 1 

200608311254 1 1 1 1 

200608311354 1 1 1 1 

200608311454 1 0 0 1 

200608311554 1 0 0 1 

200608311654 1 0 0 1 

200608311754 1 1 0 1 

200608311854 1 1 0 1 

200608311954 1 1 0 1 

200608312054 1 1 0 1 

200608312154 1 0 0 1 

200608312254 1 0 0 1 

200608312354 1 0 0 1 

200609010054 1 0 0 1 

200609010154 1 0 0 1 

200609010254 1 0 0 1 

200609010354 1 0 0 1 

200609010454 1 0 0 1 

200609010554 1 0 0 1 

200609010654 0 0 0 1 

200609010754 0 0 0 1 

200609010854 0 0 0 1 

200609010954 0 0 0 1 

200609011054 0 0 0 0 

200609011154 0 0 0 0 

200609011254 0 0 0 0 

200609011354 0 0 0 0 

200609011454 0 0 0 0 

200609011554 0 0 0 0 

200609011654 0 0 0 0 

200609011754 0 0 0 0 

200609011854 0 0 0 0 
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Table 3.1 Continued 
 

YEARMODAHRMN Line A Line B Line C Line D 

200609011954 0 0 0 0 

200609012054 0 0 0 0 

200609012154 0 0 0 0 

200609012254 0 0 0 0 

200609012354 0 0 0 0 

200609020054 0 0 1 0 

200609020154 0 0 0 0 

200609020254 0 0 1 0 

200609020354 0 0 1 0 

200609020454 0 0 1 0 

200609020554 0 0 1 0 

200609020654 0 0 1 0 

200609020754 0 0 1 0 

200609020854 0 0 1 0 

200609020954 0 0 1 0 

200609021054 0 0 0 0 

200609021154 0 0 0 0 
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4 Numerical Simulations 

 Key processes identified in the observational analysis include PRE and CAD 

development preceding the landfall of TC Ernesto. Numerical modeling was performed to 

test the relationship of the TC to the PRE and the PRE and CAD to TC precipitation 

distribution. Numerical modeling is suitable for testing these relationships since it allows 

idealized experiments, such as removing the TC and PRE or enhancing CAD, to be 

conducted that would be impossible using observational data alone. Before conducting 

experimental runs testing hypotheses about these relationships, a control run that adequately 

simulates the structure and evolution of the PRE, CAD, and the TC is necessary. 

 

4.1 Ensemble Runs 

 An ensemble of model runs with varying initial condition times, data sources, and 

model physics was performed using the WRF model to determine which model configuration 

produces the most accurate simulation for use as a control run (Table 2.2). The WRF model 

was first run on the outermost 36-km domain using GFS forecast data for initial and lateral 

boundary conditions at varying initial condition times every 6 h from 0000 UTC 30  - 0000 

UTC 31 August. A persistent westward bias in the model track forecasts was observed for 

each of the runs over the Carolinas and Virginia (Fig. 4.1). The track forecast for each model 

run began to deviate westward from the observed track after 1800 UTC 30 August preceding 

landfall at 0340 UTC 1 September (Fig. 4.1). However, out of the five model runs varying 

initial condition times, the least model track forecast RMSE occurred with the model run 

initialized with GFS forecast data at 1200 UTC 30 August (Table 4.1). 
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 Since the model run initialized with 1200 UTC 30 August GFS forecast data 

produced the least track error, it was compared to model runs initialized on the outermost 36-

km domain with varying data sources including GFS analysis and ECMWF reanalysis data 

in order to see if track error is reduced when using model simulations. Before examining the 

track error of model simulations initialized using these data sources, it is first worthwhile to 

determine the track accuracy of the original data sources. While the 1200 UTC GFS forecast 

had a slight westward bias in the track forecast that increased after 1800 UTC 31 August, the 

GFS analysis and ECMWF reanalysis both had a slight eastward bias after 1800 UTC 31 

August when compared to the best track position (Fig. 4.2). However, the TC center in the 

GFS analysis and ECMWF reanalysis at 0000 UTC 1 September (Fig. 4.2) is located in the 

same position as the manually analyzed TC center (Fig. 3.19a). At 1200 UTC 1 September 

and 0000 UTC 2 September, the best track position (Fig. 4.2) more closely matches the 

manually analyzed TC center (Fig. 3.20a, 3.21a) while the GFS analysis and ECMWF 

reanalysis have a slight eastward bias. Overall, the differences between the best track, manual 

analyses, GFS analysis, and ECMWF reanalysis TC positions are relatively minor. 

Additionally, when examining the storm track RMSE, the ECMWF reanalysis and GFS 

analysis have an identical RMSE of 25.6 nmiles (Table 4.1). Meanwhile, the 1200 UTC GFS 

forecast storm track has a slightly greater RMSE of 40.9 nmiles due to its larger westward 

bias (Table 4.1).  

 After initializing the WRF model at 0000 UTC 30 August using GFS analysis and 

ECMWF reanalysis data, a much larger westward bias in track forecasts was observed, 

particularly at later times (Fig. 4.2). This contrasts greatly with the eastward bias in the 
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original GFS analysis and ECMWF reanalysis (Fig. 4.2). Interestingly, the WRF runs 

initialized using GFS analysis and ECMWF reanalysis data followed the model run 

initialized with 1200 UTC 30 August GFS forecast data very closely until 1200 UTC 1 

September, when both runs began to deviate westward (Fig. 4.2). The WRF run initialized 

with 1200 UTC 30 August GFS forecast data followed the original NCEP 1200 UTC 30 

August GFS forecast very closely except from 0600 UTC 1 September - 0600 UTC 2 

September when a greater westward bias occurred in the WRF run (Fig. 4.2). As a result, the 

model run initialized using 1200 UTC 30 August GFS forecasts data remained the most 

similar to the best track in terms of track forecast RMSE (Table 4.1). 

 Previous studies have also indicated TC motion sensitivity to cloud microphysics and 

cumulus parameterization schemes that can result in significantly different track forecasts 

(Fovell and Su 2007; Fovell et al. 2009). Microphysical assumptions can modulate 

temperature gradients which determine pressure gradients that generate the winds that help 

steer TCs (Fovell et al. 2009). Therefore, the MP scheme was varied for the runs initialized 

on the outermost 36-km domain at 1200 UTC 30 August with GFS forecast data and 0000 

UTC 30 August with ECMWF reanalysis data. The MP scheme used in previous runs, 

WSM6, was changed to the GCE Model MP scheme for both initial data sources. The GCE 

Model represents ice, snow, and graupel processes and is suitable for representing tropical 

systems at higher resolutions (Tao et al. 2003). When using the GCE Model MP scheme, 

both the run initialized using 1200 UTC 30 August GFS forecast data and the run initialized 

using ECMWF reanalysis data show a similar increase in westward bias in TC track forecast 

(Fig. 4.3). The westward deviation in the runs using the GCE Model MP scheme from the 
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runs using the WSM6 MP schemes began before landfall at 0000 UTC 1 September for the 

run initialized with 1200 UTC 30 August GFS forecast data and shortly after landfall at 0600 

UTC 1 September for the run initialized with ECMWF reanalysis data (Fig. 4.3). When 

comparing the track forecast RMSE of the runs using the GCE Model MP scheme to the runs 

using the WSM6 MP scheme, a marked increase in RMSE occurs (Table 4.1). Therefore, the 

use of the WSM6 MP scheme was continued since it produced more accurate TC track 

forecasts.  

 The convective parameterization scheme used previously, the BMJ, was also changed 

to the KF CP scheme for just the run initialized using 1200 UTC 30 August GFS forecast 

data.  The KF CP scheme was chosen due to its improved representation of thunderstorm 

anvils (Lackmann 2011) which can affect TC motion via cloud-radiative interaction (Fovell 

et al. 2009). When using the KF CP scheme, a greater westward bias in the track forecast 

occurred when compared to the BMJ CP scheme with a westward deviation from the BMJ 

CP scheme run developing after 1200 UTC 1 September (Fig. 4.3). The KF CP scheme run 

also produced a marked increase in model track forecast RMSE when compared to the 

original BMJ CP scheme run (Table 4.1). Another interesting result of varying the model 

physics was the magnitude of increase in model track forecast RMSE for the runs initialized 

using 1200 UTC 30 August GFS forecast data. The least model track forecast RMSE of all 

the WRF runs occurred when using the original MP and CP schemes (Table 4.1). However, 

varying the CP and MP scheme led to the third highest and highest track forecast RMSE 

(Table 4.1). Much of this large increase in model track forecast RMSE after varying CP and 

MP schemes can be attributed to the erroneous increase in TC speed after 0000 UTC 2 
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September. While the TC track and intensity might also be sensitive to PBL scheme, it was 

not varied in the interest of time and since previous studies have indicated sensitivity of TC 

motion to MP and CP schemes (Fovell and Su 2007; Fovell et al. 2009; Nasrollahi et al. 

2012). These results highlight the importance of choosing the most appropriate model 

physics options when modeling landfalling TCs using the WRF model. 

 Finally, model resolution was varied by running the outermost 36-km domain with 

the nested inner 12-km and innermost 4-km domains using the MP and CP scheme 

combination (WSM6 and BMJ respectively) with the least TC track error. Since the runs 

initialized using 1200 UTC GFS forecast and ECMWF reanalysis data had the lowest 

forecast track RMSE (Table 4.1), additional runs were conducted using these data sources to 

test the sensitivity of the model to grid spacing. When looking at model track forecasts with 

12-km grid spacing, the run initialized using ECMWF reanalysis data showed an overall 

eastward shift in the track forecast closer to the observed track while the run initialized using 

1200 UTC 30 August GFS forecasts data showed a westward shift in the track forecast (Fig. 

4.4). As a result, the model track forecast RMSE decreased in the 12-km domain for the run 

initialized using ECMWF reanalysis data while it increased for the run initialized using 1200 

UTC 30 August GFS forecast data (Table 4.1). As grid spacing decreased, more intense 

convection with lower sea level pressure than the main TC center developed to the northeast 

of the main TC center at 1200 UTC 2 September (Fig. 4.4) likely contributing to the large 

increase in RMSE at 12-km resolution for the run initialized using 1200 UTC 30 August GFS 

forecast data (Table 4.1).  
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 When looking at model track forecasts with 4-km grid spacing, a similar increase in 

RMSE occurred for both the run initialized using 1200 UTC GFS forecast and ECMWF 

reanalysis data (Table 4.1). However, the westward bias in the track forecast for the run 

initialized using 1200 UTC GFS forecast data with 4-km grid spacing was greater than the 

westward bias for the run initialized using ECMWF reanalysis data (Fig. 4.4). Overall, these 

results indicate that increasing the model resolution does not appear to significantly change 

the accuracy of model track forecasts in the case of TC Ernesto. 

 The accuracy of model forecasts for TC intensity was also examined. The intensity 

error of model forecasts was defined as the difference between the minimum MSLP of each 

model run and the best track minimum MSLP associated with the TC at every 6 h. When 

examining the model TC intensity error over time, the majority of runs initially 

underestimate TC intensity with higher MSLP than observed (Fig. 4.5). However, on 31 

August preceding TC landfall most of the runs had relatively low TC intensity error with the 

exception of the runs initialized using 1200 UTC 30 August GFS forecast data on the 12-km 

and 4-km domains and the run with the CP scheme changed to KF (Fig. 4.5). The 

overestimation of intensity when decreasing grid spacing or changing the CP scheme to KF 

likely occurred due to the development of more intense convection near the TC center (Fig. 

4.6a,b,c,d). By 0600 UTC 1 September, every run underestimated TC intensity.  This 

underestimation of TC intensity likely occurred due to the westward bias of each model run 

which caused the TC to move inland and weaken earlier than observed. The model runs then 

handled the weakening of TC Ernesto relatively well as it moved inland with a slight 

underestimation of TC intensity after 0000 UTC 2 September.  
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 When comparing model TC track forecast and intensity error, a notable difference 

occurs for the original data sources. The ECMWF reanalysis, GFS analysis, and 1200 UTC 

30 August GFS forecast had the lowest RMSE for TC track forecasts (Table 4.1) but the 

highest RMSE for TC intensity forecasts (Table 4.2). The poor intensity forecasts of the 

original data sources is likely due to the coarser resolutions at which they operate as opposed 

to the finer resolution of the WRF model runs. As a result, unlike the TC track forecasts, use 

of the higher resolution WRF model does improve the accuracy of TC intensity forecasts 

over the original data sources. However, when increasing resolution within the WRF model 

runs, TC intensity forecasts did not improve with the exception of the 12-km run initialized 

using ECMWF reanalysis data (Table 4.2). When looking at all WRF model forecasts, the 

run initialized using GFS analysis data at 0000 UTC 30 August had the least TC intensity 

RMSE (Table 4.2), yet also had the fourth highest TC track forecast RMSE (Table 4.1). A 

similar difference in TC track forecast and intensity forecast error occurred for the run 

initialized using 1200 UTC 30 August GFS data with the MP scheme changed to the GCE as 

it had the highest TC track forecast RMSE (Table 4.1) but the third lowest TC intensity 

forecast RMSE (Table 4.2). However, the most consistent model run with low RMSE for 

both TC track and intensity forecasts was the WRF run initialized with 1200 UTC 30 August 

GFS forecast data (Table 4.1, 4.2). As a result, it was chosen as the control run for use in 

additional experimental runs. 
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4.2 Control Run Error 

 While the model run initialized with 1200 UTC GFS forecast data was chosen as the 

control run since it had the lowest combined TC track and intensity forecast RMSE, it still 

had a number of errors in replicating the observed track and precipitation distribution of TC 

Ernesto. Identifying these errors is necessary before diagnosing their causes through 

experimental runs.  

 At the time of PRE maturity, 0000 UTC 31 August, the 36- and 12-km domains both 

indicate a region of stratiform precipitation over Virginia but do not adequately represent the 

convection occurring over central North Carolina (Fig. 4.7a,b,d). However, the 4-km domain 

does a much better job representing the areal extent and intensity of the PRE over southern 

Virginia and North Carolina (Fig. 4.7c,d). Correspondingly, compared to the 36-km and 12-

km domains (Fig. 4.8a,b), the 4-km domain does a much better job correctly placing 

frontogenesis and a potential temperature gradient over central South Carolina and 

southeastern North Carolina with a cold pool over much of central and northeastern North 

Carolina extending northward into Virginia (Fig. 4.8c,d). Additionally, frontogenesis was 

maximized along the mountain slopes and coastline where local temperature gradients exist 

due to topography and land surface differences respectively (Fig. 4.8a,b,c,d). These results 

suggest that evaporative cooling associated with precipitation in the PRE contributed to the 

formation and enhancement of a cold pool with enhanced frontogenesis along its southern 

periphery. Due to the improved PRE and cold pool representation when grid spacing is 

decreased, and for the sake of brevity, only the 4-km domain is compared to observational 

analyses at subsequent times. 
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 At the time of CAD maturity, 1200 UTC 31 August, a region of moderate 

precipitation persisted over Virginia with little to no precipitation occurring over the central 

Carolinas in the control run (Fig. 4.9a). However, observations indicated little to no 

precipitation was occurring over Virginia while moderate precipitation was occurring over 

the central Carolinas (Fig. 4.9b). Correspondingly, the control run did not indicate north-

northeasterly low-level winds over Virginia extending southward into the Carolinas 

associated with a stronger cold pool over the Carolinas in the RUC analysis (Fig. 4.10a,b). 

Additionally, the objective CAD detection algorithm developed by Bailey et al. (2003), 

which indicated CAD from 0500 UTC - 1400 UTC 31 August (Table 3.1), does not indicate 

CAD during the same time in the control run (Table 4.3).  These results indicate that the lack 

of precipitation associated with the TC rain shield over the Carolinas in the control run 

potentially contributed to the model underestimating the intensity and southward extent of 

the cold pool and associated northeasterly winds indicative of CAD.  

 The 24-h precipitation forecast ending at 1200 UTC 31 August from the control run 

indicates that the PRE was well represented over North Carolina and Virginia but 

precipitation associated with the main TC rain shield was largely absent over coastal South 

Carolina and southeastern North Carolina (Fig. 4.11a,b). Overall, the 4-km domain 

adequately represented the PRE, its associated cold pool development over North Carolina, 

and southeastward modulation of the surface thermal boundary. However, it did not correctly 

predict the northward movement of precipitation associated with the TC rain shield that 

helped to maintain the cold pool through 1200 UTC 31 August.  
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 At the time near TC landfall, 0000 UTC 1 September, the control run continues to 

show a broad swath of precipitation over Virginia that is mostly absent in the observations 

(Fig. 4.12a,b). Additionally, the TC center and precipitation is too far north and west in the 

control run (Fig. 4.12a,b). Since the flow near 700 hPa best represents the environment wind 

that drives TC motion (Galarneau and Davis 2013), the 700-hPa level was examined for 

potential errors in the control run. While the trough location was similar in the control run to 

the RUC analysis (Fig. 4.13a,b), it was stronger in the control run with lower 700-hPa 

heights over much of the model domain (Fig. 4.14). Additionally, downstream ridging was 

weaker in the control run (Fig. 4.14). The control run also places a cold pool beneath the 

region of precipitation in Virginia that extends southward over western North Carolina (Fig. 

4.15a). However, the RUC analysis indicates a cold pool over Virginia that extends 

southward over the eastern Carolinas (Fig. 4.15b) within the same region as indicated earlier 

at 1200 UTC 31 August (Fig. 4.10b). When comparing the cold pool location in the control 

run at 1200 UTC 31 August (Fig. 4.10a) and 0000 UTC 1 September (Fig. 4.15a), the cold 

pool over northeastern North Carolina largely disappeared within a low-level easterly flow 

that advected it westward. However, north-northeasterly low-level flow indicative of CAD 

over the eastern Carolinas in the RUC analysis at 1200 UTC 31 August (Fig. 4.10b) 

remained in place at 0000 UTC 1 September (Fig. 4.15b) and likely contributed to cold pool 

maintenance over the eastern Carolinas. 

 After TC landfall at 1200 UTC 1 September, the control run continues to indicate a 

westward bias in the TC position (Fig. 4.16a,b). The locations of a trough and downstream 

ridge were similar in both the control run and RUC analysis at 0000 UTC 2 September (Fig. 
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4.17a,b). However, both the trough and downstream ridge are stronger in the control run with 

lower 700-hPa heights in the vicinity of the trough and higher 700-hPa heights in the vicinity 

of the downstream ridge (Fig. 4.18). Nevertheless, the control run adequately represents the 

overall precipitation structure with a large region of precipitation north of the TC center, and 

little to no precipitation south of the TC center (Fig. 4.16a,b). Additionally, the control run 

also captured the presence of a squall line offshore east of the TC center and a region of 

enhanced precipitation immediately north and east of the TC center (Fig. 4.16a,b). The 

development of an asymmetrical frontal structure occurs in the control run that is similar to 

the overall structure in the RUC analysis with enhanced warm frontogenesis northeast of the 

TC center indicative of extratropical transition (Fig. 4.19a,b). The 24-h precipitation forecast 

ending at 1200 UTC 1 September from the control run shows a westward bias in the swath of 

heaviest accumulated precipitation associated with TC Ernesto (Fig. 4.20a,b). However, the 

control run did a better job representing precipitation intensity capturing the presence of 24-h 

accumulated precipitation greater than 9.00 in (Fig. 4.20a,b). 24-h accumulated precipitation 

forecasts ending at 1200 UTC 2 September further highlight the error in TC position and 

speed in the control run with the area of 24-h accumulated precipitation greater than 9 in 

observed over southeastern Virginia largely absent in model forecasts (Fig. 4.21a,b). 

 Overall, it appears that increasing model resolution improves the representation of the 

PRE, its associated cold pool development, and modulation of the surface thermal boundary 

location. However, a lack of precipitation associated with the main TC rain shield extending 

northward into North Carolina in the control run at 1200 UTC 31 August potentially 

prevented maintenance of the cold pool and CAD development in the control run. As a result, 
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low-level easterly flow north of the TC center advected the cold pool westward allowing the 

TC to make landfall and move inland further west in the control run than observed. 

Additionally, the presence of a stronger trough at both 0000 UTC 1 September and 0000 

UTC 2 September (Figs. 4.14, 4.18) and a stronger downstream ridge at 0000 UTC 2 

September (Fig. 4.18) in the control run potentially contributed to a westward deviation in 

the TC track. 

 Since the PRE (Fig. 4.7c,d) and TC (not shown) at 0000 UTC 31 August are well 

represented in the control run, it will be adequate for testing the first hypothesis that in some 

cases, such as TC Ernesto, the TC does not enhance moisture or precipitation associated with 

PREs in downstream locations. Additionally, while a cold pool does develop following the 

PRE in the control run (Fig. 4.10a), CAD does not develop (Table 4.3) as seen in 

observations (Table 3.1). Furthermore, a westward bias in TC track and precipitation 

distribution following TC landfall also occurs in the control run (Figs. 4.4, 4.20). While this 

indicates that CAD preceding TC landfall and the TC track and precipitation distribution 

following TC landfall were poorly represented, it also provides an opportunity to test the 

second hypothesis that poor model representation of CAD contributed to TC track and 

precipitation distribution errors in model forecasts. Through artificially enhancing CAD in 

experimental runs, the TC track and precipitation distribution can be compared to the control 

run which poorly represented CAD and had a westward bias in TC track and precipitation 

distribution.  
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Figure 4.1: Comparison of NHC Best Track (white) for TC Ernesto with WRF simulated 
storm tracks on the outermost 36-km domain initialized using GFS forecast data at 0000 
UTC 30 August (purple), 0600 UTC 30 August (green), 1200 UTC 30 August (red), 1800 
UTC 30 August(blue), and 0000 UTC 31 August 2006 (yellow). 
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Figure 4.2: Comparison of NHC Best Track (white) for TC Ernesto with original 1200 UTC 
GFS forecast data (orange), GFS analysis data (yellow), ECMWF reanalysis data (blue), and 
WRF simulated storm tracks on the outermost 36-km domain initialized using GFS forecast 
data at 1200 UTC 30 August (red), GFS analysis data at 0000 UTC 30 August (purple), and 
ECMWF reanalysis data at 0000 UTC 30 August (green). 
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Figure 4.3: Comparison of NHC Best Track (white) for TC Ernesto with WRF simulated 
storm tracks on the outermost 36-km domain initialized using GFS forecast data at 1200 
UTC 30 August using the BMJ CP and WSM6 MP schemes (red), KF CP and WSM6 MP 
schemes (purple), and BMJ CP and GCE MP schemes (blue), and initialized using ECMWF 
reanalysis data at 0000 UTC 30 August using the BMJ CP and WSM6 MP schemes (green), 
and BMJ CP and GCE MP schemes (yellow).  
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Figure 4.4: Comparison of NHC Best Track (white) for TC Ernesto with WRF simulated 
storm tracks initialized using GFS forecast data at 1200 UTC 30 August on the 36-km 
domain (red), 12-km domain (orange), and 4-km domain (yellow), and initialized using 
ECMWF reanalysis data at 0000 UTC 30 August on the 36-km domain (green), 12-km 
domain (blue), and 4-km domain (purple). 
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Figure 4.5: Intensity error (Model - NHC Best Track lowest MSLP) of model forecasts over 
time. According to NHC Best Track data, TC Ernesto made landfall at 0340 UTC 1 
September 2006 over Oak Island, North Carolina. 
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(a)      (b) 
 

 
 

(c)      (d) 
 

 
 

Figure 4.6: Comparison of composite radar reflectivity (shaded, dBZ) and MSLP (solid, hPa) 
at 0000 UTC 1 September 2006 between the control run (a) outermost 36-km domain and the 
(b) inner 12-km domain, (c) innermost 4-km domain, and (d) outermost 36-km domain when 
using the KF CP scheme. 

  



 

96 

(a)      (b) 
 

 
 

(c)      (d) 
 

 
 

Figure 4.7: Comparison of composite radar reflectivity (shaded, dBZ) and MSLP (solid, hPa) 
at 0000 UTC 30 August 2006 from the control run (a) outermost 36-km domain, (b) inner 12-
km domain, and (c) innermost 4-km domain to (d) observed  composite radar reflectivity 
(shaded, dBZ). 
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(a)      (b) 
 

 
 

(c)      (d) 
 

 
 

Figure 4.8: Comparison of surface frontogenesis (shaded, 10-1 K/100 km/3 h), 2-m isentropes 
(solid, every 1 K), and 10-m wind (barbs, knots convention) at 0000 UTC 31 August 2006 
from the control run (a) outermost 36-km domain, (b) inner 12-km domain, and (c) innermost 
4-km domain to (d) 20-km RUC data. 
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(a) 

 
 

(b) 

 
 

Figure 4.9: Comparison of composite radar reflectivity (shaded, dBZ) and MSLP (solid, hPa) 
at 1200 UTC 30 August 2006 from the control run (c) innermost 4-km domain to (b) 
observed composite radar reflectivity (shaded, dBZ). 
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(a) 

 
 

(b) 

 
 

Figure 4.10: Comparison of surface frontogenesis (shaded, 10-1 K/100 km/3 h), 2-m 
isentropes (solid, every 1 K), and 10-m wind (barbs, knots convention) at 1200 UTC 31 
August 2006 from the control run (a) innermost 4-km domain to (b) 20-km RUC data. 
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(a) 

 
 

(b) 

 
 

Figure 4.11: Comparison of 24 h precipitation forecast (shaded, in) ending at 1200 UTC 31 
August 2006 from the control run (a) innermost 4-km domain with (b) NCEP Stage IV 24 h 
accumulated precipitation (shaded, in) ending at 1200 UTC 31 August 2006. 
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(a) 

 
 

(b) 

 
 

Figure 4.12: As in Fig. 4.9 except at 0000 UTC 1 September 2006. 
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(a) 

 
 

(b) 

 
 

Figure 4.13: Comparison of 500-hPa absolute vorticity (shaded, 10-5 s-1) and heights (solid, 
every 3 dam) from the control run (a) outermost 36-km domain to (b) 20-km RUC data at 
0000 UTC 1 September 2006. 
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Figure 4.14: 700-hPa height (m) difference (36-km control run - 20-km RUC data) at 0000 
UTC 1 September 2006. 
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(a) 

 
 

(b) 

 
 

Figure 4.15: As in Fig. 4.10 except at 0000 UTC 1 September 2006. 
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(a) 

 
 

(b) 

 
 

Figure 4.16: As in Fig. 4.9 except at 1200 UTC 1 September 2006. 
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(a) 

 
 

(b) 

 
 

Figure 4.17: As in Fig. 4.13 except at 0000 UTC 2 September 2006. 
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Figure 4.18: As in Fig. 4.14 except at 0000 UTC 2 September 2006. 
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(a) 

 
 

(b) 

 
 

Figure 4.19: As in Fig. 4.10 except at 1200 UTC 1 September 2006. 
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(a) 

 
 

(b) 

 
 

Figure 4.20: As in Fig. 4.11 except ending at 1200 UTC 1 September 2006. 
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(a) 

 
 

(b) 

 
 

Figure 4.21: As in Fig. 4.11 except ending at 1200 UTC 2 September 2006. 
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Table 4.1: Summary of the TC track error for each model run measured as the RMSE of the 
distance from the BT position over the total run time. ECMWF Reanalysis, GFS Analysis, 
and GFS 8/30 12Z Forecast are each original data sources for initial and lateral boundary 
conditions. WRF 8/30 00Z, 8/30 06Z, 36-km 8/30 12Z, 8/30 18Z, and 8/31 00Z Forecast 
refer to the initial condition time sensitivity runs initialized using GFS forecast data. WRF 
GFS Analysis, 36-km 8/30 12Z Forecast, and 36-km ECMWF Reanalysis refer to the initial 
condition data source sensitivity runs. WRF 8/30 12Z Forecast KF CP and GCE MP and 
WRF ECMWF Reanalysis GCE MP refer to the runs completed on the outermost 36-km 
domain using the Kain-Fritsch (KF) Convective Parameterization (CP) and Goddard 
Cumulus Ensemble (GCE) Model Microphysics Parameterization (MP) schemes for the 
model physics sensitivity runs. WRF 36-km, 12-km, and 4-km 8/30 12Z Forecast and WRF 
36-km, 12-km, and 4-km ECMWF Reanalysis refer to the resolution sensitivity runs 
initialized using GFS 1200 UTC 30 August forecast and ECMWF Reanalysis data 
respectively. 
 

Model Run 

Distance 

RMSE 

(nmiles) 

ECMWF Reanalysis 25.6 

GFS Analysis 25.6 

GFS 8/30 12Z Forecast 40.9 

WRF 36-km 8/30 12Z Forecast 50.4 

WRF 12-km ECMWF Reanalysis 52.1 

WRF 36-km ECMWF Reanalysis 63.8 

WRF 8/30 06Z Forecast 70.2 

WRF ECMWF Reanalysis GCE MP 71.3 

WRF 8/30 18Z Forecast 73.5 

WRF 8/31 00Z Forecast 81.9 

WRF 4-km 8/30 12Z Forecast 86.5 

WRF 4-km ECMWF Reanalysis 87.0 

WRF 8/30 00Z Forecast 88.2 

WRF GFS Analysis 97.4 

WRF 8/30 12Z Forecast KF CP 107.9 

WRF 12-km 8/30 12Z Forecast 109.3 

WRF 8/30 12Z Forecast GCE MP 118.9 
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Table 4.2: As in Table 3.2 except for Mean Sea Level Pressure (MSLP) RMSE of the 
difference in MSLP between each model run and the BT intensity over the total run time. 
 

Model Run 

MSLP 

RMSE 

(mb) 

WRF GFS Analysis 3.4 

WRF 36-km 8/30 12Z Forecast 3.6 

WRF 8/30 12Z Forecast GCE MP 3.8 

WRF 8/31 00Z Forecast 3.9 

WRF 12-km 8/30 12Z Forecast 4.2 

WRF ECMWF Reanalysis GCE MP 4.5 

WRF 8/30 12Z Forecast KF CP 4.5 

WRF 12-km ECMWF Reanalysis 4.7 

WRF 8/30 00Z Forecast 4.7 

WRF 8/30 18Z Forecast 5.0 

WRF 36-km ECMWF Reanalysis 5.0 

WRF 8/30 06Z Forecast 5.2 

WRF 4-km ECMWF Reanalysis 6.0 

WRF 4-km 8/30 12Z Forecast 6.8 

GFS Analysis 7.2 

ECMWF Reanalysis 7.5 

GFS 8/30 12Z Forecast 8.8 
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Table 4.3: As in Table 3.1 except for the control run 12-km domain from 1200 UTC 30 
August - 1200 UTC 2 September 2006. 
 

YEARMODAHRMN Line A Line B Line C Line D 

200608301200 0 0 0 0 

200608301300 0 0 0 0 

200608301400 0 0 0 0 

200608301500 0 0 0 0 

200608301600 0 0 0 0 

200608301700 0 0 0 0 

200608301800 0 0 0 0 

200608301900 0 0 0 0 

200608302000 0 0 1 0 

200608302100 0 0 0 0 

200608302200 0 0 0 0 

200608302300 0 0 0 0 

200608310000 1 0 1 0 

200608310100 0 1 1 0 

200608310200 0 0 1 0 

200608310300 0 0 1 0 

200608310400 0 0 1 0 

200608310500 0 0 1 0 

200608310600 0 0 1 0 

200608310700 1 0 1 0 

200608310800 0 0 1 0 

200608310900 1 0 1 0 

200608311000 0 0 0 1 

200608311100 0 0 0 1 

200608311200 0 0 0 1 

200608311300 1 1 0 1 

200608311400 1 0 0 1 

200608311500 1 0 0 1 

200608311600 1 0 1 1 

200608311700 1 1 0 1 

200608311800 1 1 0 1 

200608311900 1 1 0 1 

200608312000 1 1 0 1 

200608312100 1 1 0 1 

200608312200 0 0 0 1 

200608312300 0 0 0 1 

200609010000 0 0 0 1 
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Table 4.3 Continued 
 

YEARMODAHRMN Line A Line B Line C Line D 

200609010100 0 0 0 1 

200609010200 0 0 0 1 

200609010300 0 0 0 1 

200609010400 0 0 0 1 

200609010500 0 0 0 1 

200609010600 0 0 0 1 

200609010700 0 0 0 1 

200609010800 0 0 0 1 

200609010900 0 0 0 1 

200609011000 0 0 0 1 

200609011100 0 0 0 1 

200609011200 0 0 0 1 

200609011300 0 0 0 1 

200609011400 0 0 0 1 

200609011500 0 0 0 1 

200609011600 0 0 0 0 

200609011700 0 0 0 0 

200609011800 0 0 0 0 

200609011900 0 0 0 0 

200609012000 0 0 0 0 

200609012100 0 0 0 0 

200609012200 0 0 0 1 

200609012300 0 0 0 1 

200609020000 0 0 0 1 

200609020100 0 0 0 1 

200609020200 0 0 0 1 

200609020300 0 0 0 1 

200609020400 1 0 0 1 

200609020500 1 0 0 0 

200609020600 1 0 0 0 

200609020700 1 0 0 0 

200609020800 1 0 0 0 

200609020900 1 0 0 0 

200609021000 1 0 0 1 

200609021100 1 1 0 1 

200609021200 1 1 0 1 
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5. Experimental Runs 

 While the control run did not perfectly represent the PRE, CAD, and TC, it did an 

adequate job representing the overall structure and evolution of each system in order for 

further testing to be conducted. The relationship of the PRE to the TC was first tested, as 

described in Section 5.1, in order to address the first hypothesis that in some cases the TC 

does not enhance moisture or precipitation associated with PREs in downstream locations. 

The relationship of the PRE and CAD to TC precipitation distribution was then tested, as 

described in Section 5.2, to address the second hypothesis that poor model representation of 

the PRE can lead to a lack of CAD contributing to TC track and precipitation distribution 

errors in model forecasts. 

 

5.1 Relationship of the PRE to the TC 

 The first hypothesis test sought to isolate the role of the TC in the PRE that occurred 

over North Carolina and Virginia from 1800 UTC 30 August - 0600 UTC 1 September. As 

mentioned in the mesoscale analysis of the PRE in Section 3.3, moisture not directly 

associated with the TC ahead of the frontal boundary was also present over the PRE region. 

Furthermore, TCs can act as moisture sinks that remove water vapor from the surrounding 

environment. Therefore, the first hypothesis was formulated that in some cases, such as TC 

Ernesto, the TC does not enhance moisture or precipitation associated with PREs in 

downstream locations. Removal of the TC vortex at the time of model initialization, 1200 

UTC 30 August, was first performed to remove moisture advection directly associated with 

the TC to the PRE region. However, more time preceding PRE initiation is necessary to 
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allow moisture transport from the TC to the PRE region. Therefore, removal of the TC vortex 

at an earlier model initialization time, 0000 UTC 30 August, was used to further isolate any 

potential effects of moisture advection from the TC to PRE region and to test the relationship 

of the TC to the PRE for this case. 

 When examining radar reflectivity and MSLP at 1800 UTC 30 August, the TC vortex 

was successfully removed from the control run (Fig. 5.1a,b). Additionally, even without the 

TC, PRE development still occurs at 1800 UTC 30 August (Fig. 5.1b). However, removal of 

the TC vortex does not remove high precipitable water values across the southeastern United 

States (Fig. 5.2a,c). Removal of the TC vortex actually causes higher precipitable water 

values (> 2 in) over a larger region offshore from Virginia southward to Florida (Fig. 5.2c). 

Additionally, higher precipitable water values were present at from 0000 UTC 30 August - 

0000 UTC 31 August within the PRE region (Table 5.1). This suggests that the TC acted as a 

moisture sink that removed water vapor from the surrounding environment. While the control 

run shows an increase in moisture between the TC and PRE region, indicative of moisture 

advection, from 1800 UTC 30 August - 0000 UTC 31 August (Fig. 5.2a,b), the experimental 

run also shows an increase in moisture over the same region during the same time period 

(Fig. 5.2c,d). Additionally, a 1% increase in area-averaged precipitable water occurs within 

the PRE region after removing the TC vortex (Table 5.1). Therefore, the larger-scale 

environmental flow, specifically the southerly flow along the western periphery of a ridge off 

the southeastern United States coast and the eastern periphery of a trough over the Ohio 

Valley, likely played an important role in advecting moisture northward into the PRE region. 
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 As highlighted by Moore et al. (2013), an indirect way that a TC might contribute to a 

PRE is through the enhancement of the upper level jet due to diabatic outflow from the TC 

which reinforces ascent in the PRE region. However, in the case of TC Ernesto, little to no 

change in the upper level jet occurs after removing the TC vortex both at 1800 UTC 30 

August and 0000 UTC 31 August (Fig. 5.3a,b,c,d). Therefore, little to no enhancement of the 

upper level jet occurred due to diabatic outflow from TC Ernesto during the time of the PRE. 

 The structure and evolution of the PRE from 1800 UTC 30 August - 0600 UTC 31 

August is similar between the control and experimental runs when initialized at 0000 UTC 30 

August (Figs. 5.4a,b, 5.5a,b, and 5.6a,b). At the time of PRE initiation, 1800 UTC 30 August, 

the convection is organized and widespread (Fig. 5.4a,b) suggesting that PRE initiation 

occurs earlier when the model is initialized earlier. However, the locations of precipitation 

remain roughly similar between the control and experimental runs at 0000 UTC and 0600 

UTC 31 August (Figs. 5.5a,b, 5.6a,b). Consequently, the location and intensity of 

precipitation maxima is similar between the 24 h accumulated precipitation forecasts for the 

control and experimental runs initialized at 0000 UTC 30 August (Fig. 5.7a,b). One slight 

difference is additional development of convection that occurs off the coast of South 

Carolina when the TC is removed (Figs. 5.6b, 5.7b). Nevertheless, the area-averaged 24 h 

precipitation forecasts over the graphical domain are very similar between the control and 

experimental runs when initialized at 0000 UTC 30 August with only a 1.5% decrease in 

precipitation when the TC vortex is removed (Table 5.2).  

 These results indicate that removing the TC vortex does not significantly alter the 

amount of precipitation associated with the PRE in the case of TC Ernesto, even after 
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removing any additional moisture advection associated with the TC from 0000 UTC - 1200 

UTC 30 August. However, additional experiments in which the model is initialized (and the 

TC vortex is removed) even earlier may be necessary in order to rule out the possibility that 

moisture transport or jet dynamics associated with the TC could have contributed to the 

initial environment for PRE development. 

 

5.2 Relationship between the PRE, CAD, and TC Precipitation Distribution 

 Following the PRE, CAD developed on 31 August (Table 3.1) preceding the landfall 

of TC Ernesto on 1 September. However, the control run did not indicate CAD development 

(Table 4.3) as seen in observations. When comparing the control run to RUC analyses, the 

cold pool responsible for the southward extension of CAD is weaker and further west in the 

control run. As a result, the surface thermal boundary was located further west, and 

potentially led to a westward bias in TC track and precipitation distribution in the control run. 

However, what happens to the TC track and precipitation distribution if CAD develops more 

strongly in the model run preceding TC landfall? 

 

5.2.1 No Terrain Run 

 While a number of factors can contribute to CAD development, the presence of 

terrain is one of the largest contributors. This begs the obvious question: what is the 

sensitivity of CAD to terrain in the case of TC Ernesto? To address the question, an 

experimental run was conducted on the 36-, 12-, and 4-km domains using the same model 

initialization time and conditions as the control run, except without terrain. Although CAD 
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was not detected in the control run (Table 4.3), a cold pool was present over Virginia that 

extended southward over western North Carolina near the time of TC landfall (Fig. 4.12a). 

The location of this cold pool immediately east of the Appalachian Mountains suggests 

terrain might have played a role in the development of CAD further north over Virginia at the 

time of TC landfall. Without terrain, any potential damming of a cold pool over Virginia and 

western North Carolina at the time of TC landfall can be removed, potentially leading to an 

increased westward bias in TC track and precipitation distribution. 

 However, removal of terrain led to a reduction in the westward bias of storm track 

forecasts near the time of TC landfall, 0600 UTC 1 September, for each domain (Fig. 5.8). 

When looking at 72 h accumulated precipitation difference forecasts, the eastward shift in the 

TC track forecast without terrain corresponds to an eastward shift in accumulated 

precipitation off the coast of South Carolina for each domain and inland over North Carolina 

for the 12- and 4-km domains (Fig. 5.9a,b). Overall though, storm track forecasts between 

the control and experimental runs remained roughly similar until the TC moved northward 

into Virginia (Fig. 5.8). At the time of TC landfall, 0600 UTC 1 September, the no terrain run 

does not indicate a cold pool extending southward into western North Carolina with the 

lowest potential temperature values located over southern West Virginia (Fig. 5.10) instead 

of central Virginia as in the control run (Fig. 4.12a). Thus, removal of terrain removed CAD 

at the time of TC landfall as the potential temperature field developed a more zonal pattern. 

Following 1200 UTC 1 September, model run storm track forecasts without terrain 

developed an increasingly westward bias with time in all three domains (Fig. 5.8). 

Correspondingly, each domain also had a westward shift in accumulated precipitation over 



 

120 

West Virginia (Fig. 5.9a,b,c). This indicates that terrain likely played a role in steering the 

TC further east, along with the precipitation distribution, as it moved northward into Virginia 

due to the presence of weak CAD over Virginia and western North Carolina at the time of 

TC landfall. However, terrain played a less significant role in modulating the TC track and 

precipitation distribution over the Carolinas for this case. Nevertheless, the question still 

remains regarding what happens to the TC track and precipitation distribution when CAD 

develops more strongly in the model. 

 

5.2.2 Reduced Relative Humidity Runs 

 The second hypothesis states that poor model representation of the PRE can lead to a 

lack of CAD contributing to TC track and precipitation distribution errors in model forecasts. 

Rather than mechanical processes related to terrain, the second hypothesis instead 

emphasizes the role of diabatic processes (i.e. evaporational cooling beneath the PRE region) 

in CAD development over the Carolinas preceding the landfall of TC Ernesto. Therefore, one 

way to enhance CAD development in the model would involve increasing evaporational 

cooling beneath the PRE region. Increased evaporational cooling and subsequent cold pool 

enhancement can be accomplished through inserting dry low-level air beneath the PRE 

region. 

 The relative humidity (RH) was reduced to 50%, 30%, and 10% at and below 950 

hPa within two box regions beneath the PRE region over the Carolinas and Virginia 

preceding PRE development at the model initialization time, 1200 UTC 30 August (Fig. 

5.11a,b,c,d). While the PRE developed in each of the reduced RH runs, the 10% RH run 
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produced the strongest cold pool due to increased evaporational cooling beneath the PRE 

contributing to CAD enhancement over the central Carolinas by 1200 UTC 31 August (Fig. 

5.12a,b,c,d). However, by the time immediately preceding TC landfall, 0000 UTC 1 

September, the control and 10% RH runs become very similar (Fig. 5.13a,b). The surface 

cold pool over the central Carolinas (Fig. 5.12d) has largely disappeared (Fig. 5.13b) with 

lower potential temperature values now present only over Virginia with easterly surface 

winds over North Carolina in both the control and 10% RH runs (Fig. 5.13a,b). As a result, 

there is little to no change in the TC track over the Carolinas from 0000 UTC – 1200 UTC 1 

September between the control and 10% RH runs (Fig. 5.14a,b).  

Since the surface cold pool over the Carolinas disappeared in the 10% RH run after 

1200 UTC 1 September, an additional model run was conducted with dry air inserted at low 

levels upstream of the CAD region. The initial reduced RH runs were not optimal since 

drying was only conducted in the CAD region rather than upstream in the source region. 

Drying upstream of the CAD region might help to maintain the cold pool after 1200 UTC 1 

September through advecting dry low-level air promoting additional evaporational cooling 

within the CAD region. In order to determine the source of low-level air in the CAD region, 

24 h back trajectories were run using the NOAA HYSPLIT model originating at 500 m at 

1200 UTC 31 August. Nearly all of the parcels north of the North Carolina/Virginia border 

originated from locations to the northeast off the Mid-Atlantic and New England coastline 

(Fig. 5.15). Additionally, all of the parcels stayed approximately at or below 1000 m during 

the 24 h back trajectory period (Fig. 5.15).  
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Therefore, two box regions were inserted upstream of the CAD region along the Mid-

Atlantic and New England coastlines with RH set to 10% at and below 900 hPa (Fig. 5.16c). 

These runs were then compared to the control run (Fig. 5.16a), the original 10% RH run (Fig. 

5.16b), and an additional run using the KF CP scheme with RH reduced to 10% at and below 

900 hPa over all four box regions (Fig. 5.16d). The CP scheme was changed to KF since it 

better represents convective cold pool generation and produces less shallow mixing after cold 

pool development, which in turn maintains stratus and reduces the transmission of solar 

radiation through clouds relative to the BMJ CP scheme (Lackmann 2011, Section 10.4.4). 

As a result, better maintenance of CAD is expected when using the KF CP scheme. 

After comparing each of the reduced RH runs, the run with RH reduced to 10% at and 

below 900 hPa upstream of the CAD region produced the greatest enhancement of CAD 

preceding TC landfall. Therefore, for the sake of brevity, only the upstream 10% RH run will 

be analyzed. At the time of PRE maturation, 0000 UTC 31 August, the upstream 10% RH 

run maintains low-level dry air over a large region to the east and northeast of the PRE 

region (Fig. 5.17a). However, the PRE still develops in the upstream 10% RH run (Fig. 

5.17b).  

Interestingly, little to no precipitation develops over the same region in the runs with 

reduced RH over all four box regions using the KF CP scheme (not shown) indicating that 

PRE development in the model is sensitive to the choice of CP scheme when low-level dry 

air is present. The lack of convection likely occurred due to the lack of CAPE at the time of 

PRE initiation, 1800 UTC 30 August, after removing low-level moisture (Fig. 5.18). Without 
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the presence of CAPE, the KF CP scheme will not trigger convection (Lackmann 2011, 

section 10.4.4) prohibiting PRE development and subsequent cold pool development. 

By the time of CAD maturation, 1200 UTC 31 August, the CAD region is nearly 

saturated in the upstream 10% RH run (Fig. 5.19a). Meanwhile, the cold pool produced 

beneath the PRE region remained over North Carolina and Virginia in the upstream 10% RH 

run with CAD extending southward into North Carolina (Fig. 5.19b). Additionally, a band of 

zonally-oriented weak frontogenesis over the central Carolinas is present in the upstream 

10% RH run (Fig. 5.19b). 

At the time immediately preceding TC landfall, 0000 UTC 1 September, the CAD 

over central North Carolina disappears in the original 10% RH run (Fig. 5.13b). However, 

CAD is maintained in the upstream 10% RH run as lower potential temperature values 

extend southward into the western Carolinas with a band of frontogenesis along its eastern 

periphery (Fig. 5.20). Thus, inserting dry low-level air upstream of the CAD region did 

contribute to CAD maintenance over western North Carolina at 0000 UTC 1 September. 

However, the cold pool is still further west than in the RUC analysis at 0000 UTC 1 

September (Fig. 4.15b). Only a limited reduction in the westward deviation of the TC track 

occurred in the upstream 10% RH run as the TC moved inland at 0000 UTC 2 September 

(Figs. 5.21).  

This begs the obvious question: why was CAD over the Carolinas at 1200 UTC 31 

August in the upstream 10% RH run (Fig. 5.19b) not fully maintained until 0000 UTC 1 

September (Fig. 5.20) as it was in the RUC analysis (Fig. 4.10b, 4.15b). Since low-level air 

was nearly saturated from 1200 UTC 31 August - 0000 UTC 1 September in the upstream 
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10% RH run (Fig. 5.19a), evaporative cooling at low levels that might contribute to CAD 

maintenance would be unlikely during this period. However, numerical models struggle with 

simulating the duration of diabatically-generated CAD events, particularly during the warm 

season, due to excessive transmission of solar radiation through low cloud layers resulting 

from excessive shallow mixing after cold pool development which erodes low clouds 

(Lackmann 2011, section 10.4.4). In particular, the BMJ shallow mixing scheme has been 

shown to prematurely erode CAD due to excessive drying and mixing in the inversion layer 

resulting in excessive transmission of solar radiation through low clouds (Lackmann 2011, 

section 10.4.4).  

At the time of maximum solar heating, 1800 UTC 31 August, following CAD 

maturation, the downward solar radiation flux over eastern North Carolina is higher in the 

upstream 10% RH run (Fig. 5.22b) compared to the reanalysis (Fig. 5.22a). However, in the 

regions with reduced downward solar radiation flux over Virginia and western North 

Carolina (Fig. 5.22b), the cold pool is preserved until 0000 UTC 1 September (Fig. 5.20). 

These results indicate that excessive transmission of solar radiation in the model likely 

contributed to the erosion of CAD over eastern North Carolina from 1200 UTC 31 August - 

0000 UTC 1 September. Another possible reason for the westward shift in the cold pool 

might also be the presence of stronger, more easterly low-level winds in the upstream 10% 

RH run (Fig. 5.20) when compared to the RUC analysis (Fig. 4.15b). 

When comparing the runs with no CAD development (no terrain run) and no PRE or 

CAD development (reduced RH run using KF CP scheme) to the control run, a distinct 

westward shift in the TC track occurs over Virginia (Fig. 5.23). However, after enhancing 
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CAD (upstream 10% RH run) at the time of TC landfall, little to no difference in the TC 

track occurs anywhere when compared to the control run (Fig. 5.23). Additionally, very little 

change in TC track occurs over North Carolina in any of the reduced RH runs where CAD is 

either removed or enhanced (Fig. 5.23). 

When comparing 72 h accumulated precipitation difference forecasts between the 

reduced RH run using the KF CP scheme with no PRE or CAD and control run with weak 

CAD, an increased westward deviation in precipitation distribution occurs (Fig. 5.24b). 

Meanwhile, no discernible pattern in precipitation distribution difference occurs between the 

control run with weak CAD and upstream 10% RH run with enhanced CAD (Fig. 5.24a). A 

reduction in 72 h accumulated precipitation occurs over much of Virginia for the run with no 

PRE or CAD (Fig. 5.24b) likely due to the lack of PRE development in the KF CP scheme 

run (not shown). A persistent swath of increased 72 h accumulated precipitation occurring 

from eastern South Carolina northward into West Virginia in the run with no PRE or CAD 

development (Fig. 5.24b) suggests that there was a westward deviation in the TC 

precipitation distribution when the PRE and CAD did not occur. However, the development 

of a stronger TC when using the KF CP scheme also possibly contributed to an increase in 72 

h accumulated precipitation.  

These results indicate that when low-level dry air was inserted in the model upstream 

of the PRE region, a cold pool developed that enhanced CAD over the Carolinas and Virginia 

by 1200 UTC 31 August (Fig. 5.19b). However, excessive transmission of solar radiation 

(Fig. 5.22b) and stronger, more easterly low-level winds (Fig. 5.20) from 1200 UTC 31 

August - 0000 UTC 1 September contributed to the erosion of CAD in the model forecasts 
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over eastern North Carolina by 0000 UTC 1 September (Fig. 5.20). However, CAD was 

maintained longer over western North Carolina (Fig. 5.20). Nevertheless, little to no change 

in TC track occurred anywhere over the Carolinas and Virginia when compared to the control 

run with weak CAD (Fig. 5.23). Thus, it is unclear if any relationship exists between CAD 

and TC track in the case of TC Ernesto. 

When using the KF CP scheme with RH reduced over all four box regions, the PRE 

did not develop due to the absence of CAPE resulting from drier low-level air (Fig. 5.18). 

Without PRE development, no CAD developed and an even greater westerly deviation in TC 

precipitation distribution occurred as the TC moved northward into Virginia (Fig. 5.22d). 

Therefore, it does appear that the PRE contributes to the development of a cold pool that 

enhances CAD development and the modulation of the surface thermal boundary preceding 

TC landfall. Additionally, when no PRE or CAD develops in the model, the development of 

an even greater westward deviation in TC track (Fig. 5.23) and precipitation distribution (Fig. 

5.24b) indicates that the presence of weak CAD approximately 24 h in advance of TC 

landfall modulates TC track and precipitation distribution over Virginia in the case of TC 

Ernesto. However, the development of a stronger TC when using the KF CP scheme and 

little change in TC track over the Carolinas (Fig. 5.23) makes the relationship of CAD to TC 

track and precipitation distribution in the Carolinas unclear for this case. 
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(a) 

 
 

(b) 

 
 

Figure 5.1: Comparison of radar reflectivity (shaded, dBZ) and MSLP (solid, hPa) at 1800 
UTC 30 August 2006 on the 12-km domain between (a) the run with the TC vortex and (b) 
the experimental run initialized using 0000 UTC GFS forecast data. 
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(a)      (b) 
 

 
 

(c)      (d) 
 

 
 

Figure 5.2: Comparison of surface precipitable water (shaded, in), 10-m wind (barbs, knots 
convention), and MSLP (solid, hPa) on the 12-km domain between the run with the TC 
vortex at (a) 1800 UTC 30 August 2006 and (b) 0000 UTC 31 August 2006 and the 
experimental run at (c) 1800 UTC 30 August 2006 and (d) 0000 UTC 31 August 2006 
initialized using 0000 UTC GFS forecast data. 
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(a)      (b) 
 

 
 

(c)      (d) 
 

 
 

Figure 5.3: Comparison of 250-hPa geopotential height (solid, dm) and wind (shaded, kt) on 
the 12-km domain between the run with the TC vortex at (a) 1800 UTC 30 August 2006 and 
(b) 0000 UTC 31 August 2006 and the experimental run at (c) 1800 UTC 30 August 2006 
and (d) 0000 UTC 31 August 2006 initialized using 0000 UTC GFS forecast data. 
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(a) 

 
 

(b) 

 
 

Figure 5.4: Comparison of radar reflectivity (shaded, dBZ) and MSLP (solid, hPa) at 1800 
UTC 30 August 2006 on the 4-km domain between (a) the run with the TC vortex and (b) the 
experimental run initialized using 0000 UTC GFS forecast data. 
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(a) 

 
 

(b) 

 
 

Figure 5.5: As in Fig. 5.4 except at 0000 UTC 31 August 2006. 
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(a) 

 
 

(b) 

 
 

Figure 5.6: As in Fig. 5.4 except at 0600 UTC 31 August 2006. 

  



 

133 

(a) 

 
 

(b) 

 
 

Figure 5.7: Comparison of 24 h precipitation forecast (shaded, in) ending at 1200 UTC 31 
August 2006 on the 4-km domain from (a) the run with the TC vortex to (b) the experimental 
run initialized using 0000 UTC GFS forecast data. 
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Figure 5.8: Comparison of NHC Best Track (white) for TC Ernesto with WRF control run 
storm tracks on the 36-km domain (blue), 12-km domain (green), and 4-km domain (purple), 
and the experimental no terrain run storm tracks on the 36-km domain (red), 12-km domain 
(orange), and 4-km domain (yellow). 
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(a)      (b) 
 

  
 

(c) 
 

 
 

Figure 5.9: Comparison of 72 h accumulated precipitation difference forecast (experimental 
no terrain run - control run) for (a) the 36-km domain, (b) the 12-km domain, and (c) the 4-
km domain. 
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Figure 5.10: Surface frontogenesis (shaded, 10-1 K/100 km/3 h), 2-m isentropes (solid, every 
1 K), and 10-m wind (barbs, knots convention) at 0000 UTC 1 September 2006 from the 
experimental no terrain run innermost 4-km domain. 
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(a)      (b) 
 

 
 

(c)      (d) 
 

 
 

Figure 5.11: Comparison of 950-hPa relative humidity (shaded, %), heights (solid, every 3 

dam), temperature (dashed, every 1 ̊ C), and wind (barbs, knots convention) forecasts on the 

outermost 36-km domain at 1200 UTC 30 August 2006 between (a) the control run and 
experimental runs with relative humidity reduced to (b) 50%, (c) 30%, and (d) 10% at and 
below 950-hPa. 
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(a)      (b) 
 

 
 

(c)      (d) 
 

 
 

Figure 5.12: Comparison of surface frontogenesis (shaded, 10-1 K/100 km/3 h), 2-m 
isentropes (solid, every 1 K), and 10-m wind (barbs, knots convention) forecasts on the 
outermost 36-km domain at 1200 UTC 31 August 2006 between (a) the control run and 
experimental runs with relative humidity reduced to (b) 50%, (c) 30%, and (d) 10% at and 
below 950 hPa. 
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(a) 

 
 

(b) 

 
 

Figure 5.13: As in Fig. 5.12 except at 0000 UTC 1 September 2006 and comparing only (a) 
the control run to (b) the experimental run with relative humidity reduced to 10% at and 
below 950 hPa. 
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(a) 

 
 

(b) 

 
 

Figure 5.14: As in Fig. 5.12 except at 1200 UTC 1 September 2006 and comparing only (a) 
the control run to (b) the experimental run with relative humidity reduced to 10% at and 
below 950 hPa. 
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Figure 5.15: 24 h back trajectories originating in the CAD region at 1200 UTC 31 August 
2006.  
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(a)      (b) 
 

 
 

(c)      (d) 
 

 
 

Figure 5.16: Comparison of 950-hPa relative humidity (shaded, %), heights (solid, every 3 

dam), temperature (dashed, every 1 ̊ C), and wind (barbs, knots convention) forecasts on the 
outermost 36-km domain at 1200 UTC 30 August 2006 between (a) the control run and 
experimental runs with relative humidity reduced to 10 % (b) in the initial two box regions at 
and below 950 hPa, (c) in only two box regions upstream of the CAD region at and below 
900 hPa, and (d) in all four box regions at and below 900 hPa. 
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(a)      (b) 
 

 
 

(c) 
  

 
 

Figure 5.17: Comparison of (a) the 950-hPa relative humidity (shaded, %), heights (solid, 

every 3 dam), temperature (dashed, every 1 ̊ C), and wind (barbs, knots convention) forecast, 
(b) the radar reflectivity (shaded, dBZ) and MSLP (solid, hPa) forecast, and (c) the surface 
frontogenesis (shaded, 10-1 K/100 km/3 h), 2-m isentropes (solid, every 1 K), and 10-m wind 
(barbs, knots convention) forecast on the outermost 36-km domain at 0000 UTC 31 August 
2006 in the experimental runs with relative humidity reduced to 10 %  in only two box 
regions upstream of the CAD region at and below 900 hPa using the BMJ CP scheme. 
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Figure 5.18: CAPE (shaded, J/kg) forecast at 1800 UTC 30 August 2006 for the experimental 
run with relative humidity reduced to 10 % in all four box regions at and below 900 hPa with 
the CP scheme changed to KF. 
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(a) 

 
 

(b) 

 
 
 

Figure 5.19: As in Fig. 5.17 except at 1200 UTC 31 August 2006 and excluding the radar 
reflectivity (shaded, dBZ) and MSLP (solid, hPa) forecast. 
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Figure 5.20: As in Fig. 5.17 except at 0000 UTC 1 September 2006 and excluding the 950-
hPa relative humidity (shaded, %), heights (solid, every 3 dam), temperature (dashed, every 
1 ̊ C), and wind (barbs, knots convention) forecast and (b) the radar reflectivity (shaded, 

dBZ) and MSLP (solid, hPa) forecast. 
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Figure 5.21: As in Fig. 5.20 except at 0000 UTC 2 September 2006. 

  



 

148 

(a) 

 
 

(b) 

 
 

Figure 5.22: Comparison of downward shortwave radiation flux (shaded, W/m2) at 1800 
UTC 31 August between (a) the NCEP/DOE AMIP-II Reanalysis and (b) the experimental 
run with relative humidity reduced to 10 % in only two box regions upstream of the CAD 
region at and below 900 hPa.  
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Figure 5.23: Comparison of NHC Best Track (white) for TC Ernesto to the outermost 36-km 
domain from the control run with weak CAD (blue), the upstream 10% RH run with 
enhanced CAD (purple), the no terrain run with no CAD (red), and the reduced RH run using 
the KF CP scheme with no PRE or CAD (orange). 

  



 

150 

(a) 

 
 

(b) 

 
 

Figure 5.24: Comparison of 72 h accumulated precipitation difference forecast ending at 
1200 UTC 2 September 2006 (experimental run - control run) for (a) the enhanced CAD run 
with RH reduced to 10% at and below 900 hPa in only two box regions upstream of the CAD 
region and (b) the no PRE or CAD run with RH reduced to 10% at and below 900 hPa over 
all four box regions using the KF CP scheme. 
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Table 5.1: Area-averaged precipitable water values (in) every 6 h from 0000 UTC 30 August 
to 0000 UTC 31 August 2006 over the 12-km domain within a box extending from 32 ̊ - 38 ̊ 
N, 72 ̊ - 83 ̊ W (as plotted in Fig. 5.7). Control run is with the TC vortex and the experimental 
run is with the TC vortex removed. 
 

Time Control Run Experimental Run 

0000 UTC 30 August 2.03 2.04 

0600 UTC 30 August 2.04 2.06 

1200 UTC 30 August 2.03 2.06 

1800 UTC 30 August 2.03 2.08 

0000 UTC 31 August 2.06 2.09 
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Table 5.2: Area-averaged 24 h precipitation forecast (in) ending at 1200 UTC 31 August over 
the 4-km domain within a box extending from 32 ̊ - 38 ̊ N, 72 ̊ - 83 ̊ W (as plotted in Fig. 5.7). 
Control run is with the TC vortex and the experimental run is with the TC vortex removed. 
 

Model Initialization Time Control Run Experimental Run 

0000 UTC 30 August 0.68 0.67 
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6. Conclusion 

6.1 Overview 

 Due to the complicated interplay of processes that can modulate landfalling TC 

precipitation distribution and the high impacts of freshwater flooding from landfalling TCs at 

inland locations, improving QPFs for landfalling TCs remains a critical forecast problem in 

the Carolinas and Virginia. In order to address this problem, previous studies have sought to 

improve the understanding of what role various synoptic and mesoscale processes play in 

modulating precipitation distribution during landfalling TCs at various locations. In this 

study, synoptic scale and mesoscale processes specific to modulating precipitation 

distribution during landfalling TCs in the Carolinas and Virginia are isolated for a specific 

case, TC Ernesto (2006).  

 After performing a thorough observational analysis using subjective manual analyses 

and objective RUC gridded analyses, it was initially determined that a PRE developed over 

the Carolinas and Virginia along a cold front draped across the southeastern United States on 

30 August 2006. However, since a warm, moist environment supportive of convective 

development is not uncommon in the absence of nearby TCs which act as moisture sinks that 

remove water vapor from the surrounding environment, the first hypothesis stated that in 

some cases, such as TC Ernesto, the TC does not enhance moisture or precipitation 

associated with PREs in downstream locations. Additionally, in such cases, the PRE does not 

necessarily depend on the TC to exist. 

 Following PRE dissipation, CAD developed over the Carolinas and Virginia with a 

surface thermal boundary along the Carolina coastline on 31 August 2006 (Fig. 3.16a,b; 
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Table 3.1). After making landfall near Oak Island, North Carolina on 1 September 2006, TC 

Ernesto tracked northward over eastern North Carolina and Virginia leaving a large swath of 

precipitation in excess of 7 in (Fig. 3.2). However, when attempting to produce an accurate 

control simulation of the event, CAD did not develop in the model (Table 4.3) and a 

persistent westward bias in TC track and precipitation distribution appeared in all members 

of lagged-average, initial condition, and physics ensembles (Figs. 4.1, 4.2, 4.3, 4.4). 

Therefore, the second hypothesis stated that poor model representation of the PRE and 

subsequent cold pool development led to a lack of CAD in model forecasts. As a result, 

incorrect placement of the surface thermal boundary led to a westward TC track bias and 

associated precipitation distribution error in model forecasts.  

 While previous studies have investigated the relationship of the PRE to the TC and 

the PRE to CAD occurring in the case of TC Ernesto using observational analyses (Moore et 

al. 2010; 2013), this study is unique in the use of numerical modeling to perform 

experimental runs isolating the relationship of the PRE to the TC. Additional experimental 

runs also attempt to isolate the role of the PRE and CAD in modulating the precipitation 

distribution and track associated with TC Ernesto through inserting dry low-level air beneath 

the PRE region and at upstream locations to enhance CAD in the model. 

 

6.2 Hypothesis Tests 

6.2.1 Relationship of the PRE to the TC 

 The first hypothesis test isolated the role of the TC in the PRE that occurred over 

North Carolina and Virginia from 1800 UTC 30 August - 0600 UTC 1 September 2006. 
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Previous studies have found that removal of TC-related moisture (Schumacher et al. 2011) 

and the TC vortex (Wang et al. 2009; Meng and Zhang 2012) in numerical simulations led to 

a decrease in accumulated precipitation totals in the PRE region. However, this study 

revealed that, in the case of TC Ernesto, removal of the TC vortex actually led to a only a 

1.5% decrease in the area-averaged 24 h precipitation forecast in the PRE region when the 

model was initialized at 0000 UTC 30 August 2006 (Table 5.2).  

 Additionally, when examining precipitable water values in the region surrounding the 

TC and PRE, high precipitable water values (> 2.00 in) are present over a larger region after 

removal of the TC vortex (Figs. 5.2c). Therefore, the TC acted as a moisture sink that 

removed water vapor from the surrounding environment. These high precipitable water 

values are then advected northward into the PRE region both with (Fig. 5.2b) and without the 

presence of the TC vortex (Fig. 5.2d). This highlights the importance of the larger-scale 

environmental flow in advecting moisture northward into the PRE region. These results 

indicate that, in the case of TC Ernesto, the first hypothesis was correct and the TC did not 

enhance moisture or precipitation associated with the PRE. However, additional experiments 

in which the model is initialized (and the TC vortex is removed) even earlier may be 

necessary in order to rule out the possibility that moisture transport or jet dynamics 

associated with the TC could have contributed to the initial environment for PRE 

development. 

 Unlike other PRE cases, where the presence of a TC upstream enhanced moisture 

advection and precipitation in the PRE region, the PRE associated with TC Ernesto was not 

enhanced by the presence of a TC upstream. While the diabatic outflow of the TC helps to 
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strengthen an upper-level jet streak downstream and poleward of the PRE reinforcing ascent 

over the PRE region, such an effect was not seen in the case of TC Ernesto (Fig. 5.3a,b,c,d). 

Additionally, the PRE associated with TC Ernesto developed in a warm, moist environment 

(Figs. 3.12a,b,c) with forcing for lift provided by an approaching cold front (Fig. 3.4) and 

upper level divergence in the right entrance region of an upper-level jet streak (Fig. 3.5a). 

Such a synoptic-scale pattern is not uncommon in the southeastern United States during the 

warm season and is favorable for the poleward advection of deep, tropical moisture and 

production of heavy precipitation events regardless of the presence of a TC upstream. 

Overall, these results emphasize that the enhancement of mesoscale convective systems 

downstream of a TC does not always occur. As such, it is important that QPFs for mesoscale 

convective systems downstream of a TC not be increased for all cases. 

 

6.2.2 Relationship of the PRE, CAD, and TC Precipitation Distribution 

 The second hypothesis test attempted to isolate the role of the PRE in CAD 

development and modulation of the surface thermal boundary and the role of CAD in 

modulating the TC track and precipitation distribution. While previous studies indicated that 

a PRE enhanced CAD over the Carolinas and Virginia preceding the landfall of TC Ernesto 

(Moore et al. 2010; 2013), this study utilized numerical modeling to test whether PRE 

enhanced CAD preceding the landfall of TC Ernesto and the role CAD played in modulating 

the TC track and precipitation distribution. Experimental runs, with dry low-level air inserted 

beneath the PRE region to increase evaporational cooling, enhanced CAD development in 

the model at 6 h following PRE dissipation (Fig. 5.12d). However, since CAD was not 
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maintained over the Carolinas at the time of TC landfall in initial experimental runs (Fig. 

5.13b), additional runs with dry low-level air inserted at regions upstream of the CAD region 

(Figs. 5.16c) were conducted in order to advect dry low-level air beneath the PRE, enhance 

evaporational cooling, and maintain CAD at the time of TC landfall. However, the addition 

of drier air upstream of the CAD region did not maintain CAD over the eastern Carolinas at 

the time of TC landfall (Fig. 5.20). The lack of CAD maintenance likely occurred due to 

excessive transmission of shortwave radiation in the model over eastern North Carolina (Fig. 

5.22b). When using the KF CP scheme, PRE and CAD development did not occur. The lack 

of PRE development occurred due to a lack of CAPE (Fig. 5.18) which is necessary for 

triggering convection in the KF CP scheme. However, a stronger TC develops when using 

the KF CP scheme possibly due to the development of stronger convection around the TC 

center (Fig. 4.6d) due to the presence of higher CAPE south of the Carolina coastline (Fig. 

5.18). 

 Removal of the PRE resulted in no CAD development in the model forecast. 

However, when the PRE developed in the model, a weak cold pool developed that was 

further enhanced through the addition of low-level dry air (Figs. 5.12a,b,c,d). Therefore, 

numerical modeling confirmed that the PRE led to cold pool production and the enhancement 

of CAD in the case of TC Ernesto. When no CAD develops in the model, an increased 

westerly deviation in TC track (Fig. 5.23) and precipitation distribution forecasts develops 

only over Virginia (Fig. 5.24b). Additionally, when CAD is enhanced in the model, little to 

no change in TC track (Fig. 5.23) or precipitation distribution (Fig. 5.24a) occurs over 

Virginia and the Carolinas. Thus, it remains unclear whether or not a lack of CAD in model 
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forecasts preceding TC landfall leads to an increase in TC track and precipitation distribution 

error in model forecasts. However, the inability of the model to maintain CAD over the 

Carolinas at the time of TC landfall does not allow the effects of CAD over eastern North 

Carolina at the time of TC landfall on TC track and precipitation distribution to be tested. 

Overall, these results are consistent with the first part of the second hypothesis that the PRE 

contributed to the enhancement of CAD. However, it remains unclear if CAD contributed to 

the subsequent modulation of TC track and precipitation distribution in the case of TC 

Ernesto (Fig. 6.1).  

 

6.3 Key Findings 

 While a number of processes likely contributed to the evolution of the PRE, CAD, 

and TC track and precipitation distribution in the case of TC Ernesto, key findings from this 

study are highlighted below: 

• The TC did not enhance moisture or precipitation within the PRE region in the case 

of TC Ernesto. This result shows that TCs do not necessarily always enhance 

downstream mesoscale convective systems, particularly in the case of weak TCs. 

• The PRE enhanced CAD over the Carolinas due to the production of a cold pool and 

caused an eastward modulation of the frontal boundary preceding TC landfall. This 

emphasizes the importance of forecaster recognition of the potential for diabatically-

enhanced CAD within precipitating regions in the Carolinas and Virginia preceding 

TC landfall. 
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• The development of CAD over the Carolinas and Virginia approximately 24 h in 

advance of TC landfall can potentially lead to an eastward deviation in the TC track 

and precipitation distribution. However, models often struggle at accurately 

representing diabatically-enhanced CAD events. This suggests that forecasters should 

incorporate an eastward shift in TC track forecasts and QPFs when CAD is present in 

observations preceding TC landfall but is poorly represented in model forecasts. 

 

6.4 Future Work 

 Testing the relationship of the PRE to the TC with numerical modeling can be 

extended to other PRE cases. In the case of TC Ernesto, the TC did not enhance precipitation 

associated with the PRE after removing the TC vortex. However, previous studies have also 

indicated that removal of the TC vortex led to a decrease in precipitation in the PRE region in 

other cases. Additional numerical modeling studies need to be conducted to better quantify 

the overall contribution of TCs to precipitation in the PRE region. Moore et al. (2013) 

identified a total of 55 PREs associated with 38 Atlantic basin TCs during the 1988 - 2010 

period. Removal of the TC vortex using numerical modeling could be performed for each of 

the 38 Atlantic basin TCs to quantify the average contribution of the TCs to precipitation in 

the PRE region. 

 Cases with CAD occurring in the Carolinas and Virginia preceding TC landfall could 

then be examined to determine which cases were preceded by a PRE. Radar reflectivity can 

be examined to determine if a PRE was present for each of the CAD cases preceding TC 

landfall from 1995 to 2012 identified by Smith and Garcia (2013). For cases with CAD 
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development following PRE dissipation, the average onset time of CAD following PRE 

dissipation can be calculated to help increase forecaster awareness for CAD development 

following PREs in the Carolinas and Virginia. Additionally, for each of the PRE cases 

accompanied by CAD, the TC track forecast error can be examined to determine what the 

average model bias is when CAD precedes TCs making landfall in the Carolinas or Virginia.  

 Finally, Smith and Garcia (2013) found that CAD preceded TC landfall with 50% of 

landfalling TC cases from 1995 to 2012 in the southeastern United States. This finding 

served as motivation for investigating the relationship of CAD to the TC in the case of TC 

Ernesto. However, the ability of numerical models in representing CAD preceding TC 

landfall for other cases remains unknown. The CAD detection algorithm could be applied to 

model forecast data for each case to determine how often the model represented CAD when 

it was observed preceding TC landfall. The track bias for model forecasts with and without 

CAD could then be compared to determine if model representation of CAD affects TC track 

bias. Numerical modeling could also be performed on cases where CAD was poorly 

represented to better determine the causes of poor model representation of CAD preceding 

TC landfall and what effects it has on TC track and precipitation distribution forecasts. 
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Figure 6.1: Conceptual model of the key processes occurring during landfalling TC cases in 
the Carolinas and Virginia featuring diabatically-enhanced CAD (blue) associated with a 
PRE (green) leading to the eastward modulation of a frontal boundary (red). As a result an 
eastward deviation in TC track and precipitation distribution (dashed black) occurs as the 
frontal boundary lifts poleward east of the TC center as a warm front (dashed red). 
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