
ABSTRACT 

GORDON, BRIANA JULIA. The Sensitivity of Tropical Cyclone Forecast Simulations 

in the WRF Model to Initial Conditions. (Under the direction of Dr. Gary M. Lackmann). 

 

Accurate dynamical forecasts of tropical cyclones are critically important for the 

prediction of hurricane track and intensity, particularly at times when tropical cyclones 

(TCs) are threatening to make landfall in populated areas. Over the last two decades, 

advancements in both conceptual understanding and computing technology have led to 

increased skill for TC track forecasts; however, intensity forecast skill has seen little 

improvement over the same time period (Rogers et al. 2006). A major challenge to 

producing a skillful forecast of TC intensity in a dynamical numerical weather prediction 

(NWP) model is providing the model with a quality initial condition (IC) (Liu et al. 2000; 

Hsiao et al. 2010).  

The aim of this study is to create a more accurate, yet operationally feasible 

method of producing a TC initial condition in the WRF model. Specifically, this work is 

done with HURNC, a real-time dynamical hurricane prediction model, which is a version 

of WRF-ARW that is run twice daily during hurricane season. Due to a lack of available 

observations over the oceans, where TCs develop and evolve, the GFS 0.5° data, which 

are used to initialize HURNC, often yields analyzed tropical cyclones with ill-defined 

vertical structure (Reeder at al. 1991) and underestimated TC intensity (Kurihara et al. 

1993).  

Two 96-hour model simulations are performed for the same initialization time 

during each of three storms with different initial intensity and locations: Hurricane Ike 

(2008), Tropical Storm Erika (2009), and Hurricane Earl (2010). To initialize each storm, 



the control simulation uses the standard GFS 0.5° data and the experimental simulation 

uses the GFDL bogus vortex (BV) merged with the GFS background. Two additional 

simulations are performed for Hurricane Earl: 1) an experimental run using a hybrid 

3DVAR/EnKF DA (HDA) system, and 2) the same hybrid system with Air Force aircraft 

reconnaissance environmental dropsonde data assimilated as well (HDA-OBS). It is 

hypothesized that the hybrid DA ICs will have more forecast skill than will the BV IC, 

which is artificial in structure and has been shown to exhibit excessive vortex resiliency 

(Reasor et al. 2004; Mallen et al. 2005) due to a robust vertical eyewall and inner core 

structure. Furthermore, it is expected that the HDA-OBS IC will have more forecast skill 

than will the HDA IC, due to the in-situ dropsonde data assimilated into the former model 

initialization. 

While the bogus vortex does improve the intensity of the IC for Ike, Erika, and 

Earl, it does not always improve the forecast, especially at longer lead-times (48 to 96 

hours). The BV has a vertically-oriented, strong potential vorticity tower, with a very 

intense upper-level PV maximum, which persists as a storm feature long after the initial 

time; this high-altitude PV maximum is not found in the GFS IC.  

In the additional experiments performed with Earl, the hybrid DA ICs result in 

large intensity errors at early lead times (0 to 42 hours), during which time both the HDA 

IC and HDA-OBS IC have greater intensity error than does the BV IC. Also, the HDA-

OBS simulation does not display an increase in skill over the HDA simulation, probably 

due to the lack of near-core data being assimilated in this study as well as to the lack of 

DA cycling and updating of the model forecast. Conclusions about the effectiveness of 

the hybrid DA initial condition cannot be drawn based solely on the limited results of this 



study. However, it is expected that future work using a hybrid DA IC in cycling mode 

may provide the forecast improvement for the HURNC IC that was sought in this study.
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1. Introduction 

1.1 Motivation 

Recent research has shown that tropical cyclones (TCs) are responsible for the 

majority of natural disaster-induced damage to life and property in the United States 

(Schmidt et al. 2009) . On average, between six and seven Atlantic basin hurricanes make 

landfall each year, two or three of which are major hurricanes (Category three or greater 

on the Saffir-Simpson scale) (Blake et al. 2007). Over time, the potential for hurricane 

damage due to landfalling TCs in the United States increases as a result of population 

growth and wealth acquisition in coastal communities (Pielke et al. 1998) . An intense 

landfalling hurricane, such as Katrina in 2005, can cause tens of billions of dollars in 

damage and take hundreds or even thousands of lives as a result of high winds, heavy 

rain/flooding, and coastal storm surges. The first decade of the twenty-first century was 

the costliest on record with respect to hurricane damages in the United States; losses 

approached $25 billion and this trend is expected to increase at a rate of 4% per year 

(Schmidt et al. 2009) .  

 Advancements in atmospheric science and computer models during the twentieth 

and twenty-first centuries have led to improved tropical cyclone forecasts, with increased 

warning times in most forecast areas; this has helped prevent many fatalities, injuries, and 

property damages in recent years (Rogers et al. 2006) . However, the construction of a 

TC forecast is a complex and multi-component process, so even with a quality computer 

model, a skillful forecast is particularly dependent on whether the model is provided with 

a quality initial condition (IC) (Liu et al. 2000; Hsiao et al. 2010). This poses a challenge 

even today, because TCs spend most of their time over the ocean, where observation 



 2 

networks are sparse (Miyoshi et al. 2010) . There are some buoys in the ocean basins, but 

they are costly to install and repair; as a result, the observational network over water is 

less than ideal. Ships avoid storms when possible, so that source of data is limited. 

Aircraft reconnaissance and dropsondes can be extremely useful, but only so many flights 

and samples can be taken during each storm, and the TC must be close enough to land for 

a plane to make a round trip on a single tank of gasoline. Recent advances in remote 

sensing technology have filled in some of these observational gaps over the ocean as 

well. Nevertheless, even the forecast for a heavily sampled storm poses many challenges, 

which will be elucidated in this chapter.  

The three parameters that must be considered for a tropical cyclone forecast are 

track, intensity, and size. Track determines what path the TC will carve out as it 

develops; what land will it interact with and what types of sea surface temperatures will it 

encounter? Storm track is mostly governed by large-scale mechanical processes, such as 

the mid-level steering flow and any synoptic systems with which the TC could interact 

(Elsberry 1995) . Satellite observations, weather models and computing power have 

improved greatly over the last couple of decades, so today’s forecasts of the synoptic 

flow and ambient environment are fairly accurate. For this reason, TC track forecasts 

have improved significantly in recent years, as stated in Rogers et al. (2006) and in the 

official National Hurricane Center (NHC) Forecast Validation report (Fig. 1.1), 

completed in April 2010.  

Unlike cyclone track, TC intensity is determined by a complex interaction of 

mechanical and dynamical processes of several scales (DeMaria 1996; Emanuel 1997; 

Emanuel 1999; Davis et al. 2010). To further complicate matters, the intensity of a TC is 
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also dependent to some degree on the storm’s track; if a tropical cyclone travels over land 

or over warmer water, that surface difference will have a significant impact on its 

intensity. Vice versa, the track is somewhat dependent on intensity; strong TCs or very 

large TCs move differently within the background environment than do weaker or 

smaller storms. The larger the cyclone is, the higher its steering level will be. Therefore, a 

difference in forecast storm location of just tens of miles can change the storm intensity 

and evolution dramatically. In order to correctly represent the intensity of a tropical 

cyclone in the initial condition, it is particularly important to correctly represent the 

mesoscale features in the inner core of the storm, particularly the eyewall (Emanuel 1997; 

Emanuel 1999).  

As a forecast evolves in the model, skill can be evaluated not just on the basis of 

whether the correct intensity is predicted, but also with respect to whether the rate of 

intensification is accurate. Some storms evolve realistically in terms of their structural 

characteristics, but not with regard to the quantity and speed of intensification. Intensity 

forecast skill has seen only slight improvements over the past couple of decades (Houze 

et al. 2006; Willoughby 2007), resulting in continually high errors in most dynamical 

models (Fig. 1.2). Research demonstrates that in order to improve TC intensity forecasts, 

it is imperative to run models with grid spacing approaching 4 km or less (Chen et al. 

2007; Fierro et al. 2009; Davis et al. 2010; Gentry et al. 2010). Only at this grid spacing, 

or on a finer grid, do somewhat realistic inner core motions and structure begin to show 

up in a computer model.  

Another important element of TC forecasting that has received more attention 

recently is storm size. Tropical cyclones can vary greatly in diameter, from the extremely 
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small to the extremely large (Merrill 1984; Hill et al. 2009). It is crucial for emergency 

managers to know how big a storm will be so they can decide which areas to evacuate, 

which ships and planes to reroute, where to reinforce levees in case of storm surges, etc. 

Also, size and intensity are not necessarily correlated; two storms may differ greatly in 

diameter while falling into the same Category on the Saffir-Simpson intensity scale 

(Merrill 1984; Emanuel 1986). The size problem is similar to the intensity problem in 

that the processes that control the size of a TC are multi-scale and interact in complex 

ways. These interactions are difficult to model unless fine grid spacing is employed. 

While representing the inner core of the storm is important for getting the intensity right, 

accurately modeling the wind swath in the outer core of the TC is important for correctly 

forecasting storm size (Hill et al. 2009) . 

The Weather Research and Forecast (WRF) model is widely used today in the 

United States for both research and operational forecasting. The National Hurricane 

Center runs the Hurricane WRF Model (HWRF) operationally during the tropical season; 

this version of WRF uses the Nonhydrostatic Mesoscale Model (NMM) dynamical core. 

WRF is a versatile model that can be optimized and tailored to myriad forecasting needs. 

This work will use WRF version 3.2 with the Advanced Research WRF (ARW) dynamic 

solver to investigate several different TC initial conditions and examine the way in which 

they evolve throughout the model forecast. More details about this model and how it has 

been optimized for tropical cyclone prediction in this study will be provided in Chapter 2.  

A literature review of relevant research has been conducted in order to first 

understand the different initial conditions that are available, as well as their 

characteristics, advantages, and disadvantages regarding TC model forecasts. This next 
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section will also examine existing research on hurricane dynamics as viewed through a 

potential vorticity (PV) framework.  

  

1.2 Literature Review 

 Section 1.2.1 describes the challenges posed to tropical cyclone prediction by the 

initial condition problem. Subsequent sub-sections detail the various, most widely 

employed solutions to this problem in research and operational forecasting today. Section 

1.2.2 discusses hurricane dynamics through a potential vorticity framework, which lends 

itself nicely to the analysis necessary for this study. Lastly, Section 1.3 discusses the 

major hypothesis of this study. 

 

1.2.1 Types of TC Initial Conditions 

As computer models improve rapidly with today’s technological advancements in 

computing power and improved observational instrumentation, the main source of 

uncertainty and error in tropical cyclone forecasting is the poor representation of the 

atmosphere’s initial state in numerical weather prediction (NWP) models (Liu et al. 2000; 

Hsiao et al. 2010). To say the atmosphere is extremely complex would be an 

understatement, but there are dense enough observational networks over most land-based 

areas to provide a relatively accurate picture of the atmosphere for weather model 

analyses. However, as discussed above, tropical cyclones spend most of their time over 

the ocean, where the observational network is especially sparse. It is not uncommon to 

see tropical models initialized with TC central sea level pressure errors upwards of  40 

millibars (Bender et al. 1993; Kurihara et al. 1993; Fierro et al. 2009; Davis et al. 2010). 
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Why are inaccurate initial conditions so detrimental to the forecast? It has been 

shown that in deterministic nonlinear dynamical systems, such as earth’s atmosphere, 

minor errors in the initial state of the system will grow exponentially as the forecast is 

integrated through time (Lorenz 1963; Lorenz 1965; Zhang et al. 1999). Thus, even very 

small differences in initial conditions can result in increasing forecast error as lead times 

increase. Researchers have come up with some creative ways to address this initial 

condition problem. A bogus, or artificial TC vortex can be inserted into the model. Also, 

data can be assimilated from any number of observations in order to nudge the model 

toward a more accurate initial condition. These methods may be combined with each 

other, as well as accompanied by other techniques such as vortex relocation and ensemble 

models (particularly the Ensemble Kalman Filter for data assimilation). The following 

sections will discuss studies that have dealt with these techniques in various ways. 

 

1.2.1.1 Bogus Vortex 

 One way to improve the initial condition of a tropical cyclone in a weather 

prediction model is to replace a poorly resolved system with an artificial ―bogus‖ vortex 

designed to meet the specifications of the actual storm. Kurihara et al. (1992) created 

such a bogus vortex for the Geophysical Fluid Dynamics Lab (GFDL) multiply nested 

movable mesh (MMM) hurricane model. The first step in this bogusing process is to use 

a filter to remove the existing weak TC vortex from the background analysis field, 

leaving a smooth large-scale environmental field behind. An artificial vortex is then 

specified using observational data that are available, including the radius, pressure, and 
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wind field of the actual cyclone; it is expressed as a deviation from the background 

environment, so that it may be easily added back into the model analysis.  

The bogus vortex has a symmetric and asymmetric component. The former is 

created by integrating an axisymmetric version of the GFDL MMM hurricane model 

through time; this ensures that the symmetric portion of the vortex is dynamically and 

thermodynamically consistent with the background environment. The asymmetric 

component of the artificial TC is manufactured by integrating the axisymmetric vortex 

through time in a simplified barotropic vorticity equation model, which includes the beta 

effect. The asymmetric wind field is then added to the symmetric wind field, and the 

mass field of the whole atmospheric system is balanced using the divergence equation 

with a controlled time tendency.  

In their experiments, Kurihara et al. (1992) concluded that the GFDL bogus 

vortex did reduce 24- and 48-hour forecast error for both track and intensity, but they 

acknowledged that work remained to be done to improve the bogus vortex initialization 

scheme. Bender et al. (1992) performed several experiments with the artificial vortex 

initialization in the GFDL MMM model in an attempt to retrospectively improve 

prediction of Hurricanes Gloria (1985) and Gilbert (1988) in the Atlantic basin and Gulf 

of Mexico, respectively. This study found that use of the bogus vortex reduced 48-hour 

track error by more than 50%. Intensity errors were also reduced significantly, but the 

model was unable to reproduce certain events during the evolution of the storm 

accurately, such as a period of rapid intensification or TC decay due to interaction with 

land. In both cases of track and intensity prediction, greater skill was shown at shorter 

forecast lead times than was demonstrated at later forecast hours. 
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Singh et al. (2005) did similar experiments, inserting a bogus vortex into the 

Pennsylvania State University – National Center for Atmospheric Research (Penn State – 

NCAR) Mesoscale model (MM5). They specified an artificial vortex using the maximum 

wind speed and storm center location from the HURDAT Best Track data for the Orissa 

super cyclone (1999) over the Bay of Bengal. Their results showed that the model using 

the bogus initial condition showed 24-, 48-, and 72-hour track errors of 63, 58, and 46 km 

respectively, as compared with the 120, 335, and 550 km for the respective model runs 

without the bogus vortex. The 72-hour improvement was significantly greater than those 

found at the same lead-time in similar experiments. Singh et al. did not emphasize 

intensity prediction in this study, but they did cite ―significant‖ improvements in TC 

strength prediction as well. It is possible these are due in part to the track adjustments 

made by the bogus vortex. 

While it is encouraging that artificial vortices in initial conditions improve 

forecast skill for tropical cyclone models, it is important to take a look a the structure of 

these bogus storms and how they interact with the background environment. Wang 

(1997) studied the influence of the vertical structure of the bogus vortex in numerical 

models, creating two separate artificial vortices and inserting them into the same 

environment. The first vortex had a cyclonic circulation throughout the entire troposphere 

and the second had an identical cyclonic structure in the lower- and middle-troposphere, 

but an anticyclonic structure in the upper troposphere. These idealized TCs were inserted 

into four different background flows on a beta-plane (constant latitude) model: a) resting 

atmosphere, b) uniform flow, c) horizontal shear flow, and d) vertical shear flow. Wang 

(1997) concluded that both TC track and intensity are sensitive to the vertical structure of 
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the bogus. Track is affected most by the bogus structure when the environmental flow is 

very weak or when the flow is westerly and has cyclonic horizontal shear. As expected, 

intensity will increase more quickly and more overall in a bogus vortex without an upper-

level anticyclone. Wang cautions that attention should be paid to the vertical structure of 

bogus vortices in numerical models in order to create the most realistic initial condition 

that will evolve in an accurate way or to recognize the deficiencies in a less-than-ideal 

artificial vortex. 

Vortex resiliency is another issue that should be considered when dealing with 

bogus vortices. Because these artificial TCs tend to be very structurally robust, but 

laterally compact and with unrealistic radial winds, they do not interact with vertical wind 

shear in the same way that real tropical cyclones do. Reasor et al. (2004), Mallen et al. 

(2003) and Mallen et al. (2005) examine the vortex resiliency of artificial TC vortices in 

numerical prediction models based on vortex Rossby wave (VRW) dynamics. Linear 

VRW theory states that the lateral extent of the primary circulation in the region of a TC 

beyond the radius of maximum wind is what determines how resistant a warm-core 

cyclone is to vertical wind shear (Reasor et al. 2004; Mallen et al. 2005). In a real TC, the 

near-core region undergoes a gradual decay of tangential winds in combination with a 

―skirt of significant cyclonic relative vorticity possessing a negative radial gradient‖ 

(Mallen et al. 2005). This feature is not represented in most bogus vortices, which leads 

to the result that artificial vortices exhibit anomalously high vortex resiliency in weak and 

moderate environmental vertical wind shear (Reasor et al. 2004). 

  

  



 10 

1.2.1.2 Data Assimilation 

 Another method of generating an improved initial condition for a numerical 

weather prediction model is to include, or assimilate, atmospheric observations, such as 

satellite, radar, dropsondes, or other available data, into model forecasts to generate a 

more accurate analysis. Several methods of data assimilation (DA) have been developed, 

including vortex relocation, 3D- and 4D- Variational DA, and ensemble Kalman filter 

(EnKF) DA. Each of these methods will be discussed in the following sections. 

 

1.2.1.2.1 Vortex Relocation 

Vortex relocation is one technique used improve the initial condition and forecast 

(mainly track) of tropical cyclones in NWP models. Often, it is used in combination with 

3D-Variational (3DVAR) data assimilation, because the background error statistics in 

3DVAR are not flow-dependent and will often place the TC far from where it is observed 

(Liu et al. 2000; Torn et al. 2009); thus, the TC must be relocated to a corrected initial 

location based on HURDAT Best Track data.  In this vortex relocation procedure, filters 

are used to remove the TC vortex from the analysis field, leaving behind a smooth 

background environmental field. The vortex is then translated to and reinserted at the 

observed location of the storm (Liu 2006; Hsiao et al. 2010; Jin-nan et al. 2010). This 

technique can be used by itself, or can be combined with a bogus vortex initialization or 

other types of vortex modification, such as the ensemble Kalman filter.  

 Liu et al. (2006) implemented a vortex relocation system into the National 

Centers for Environmental Prediction (NCEP) Global Ensemble Forecast System (GEFS) 

in 2005. Their procedure involved filtering out the analyzed vortex and moving it to the 
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observed position; only then, if the TC is still too weak, did they add an artificial vortex, 

specified through observational data, into the GEFS as well. Results showed a significant 

decrease in the ensemble spread of TC tracks, which was maintained throughout the 5-

day forecast period. However, the mean track error only showed a slight decrease over 

the non-relocated vortices. 

 Jin-nan et al. (2011) employed vortex relocation for seven tropical cyclones at 23 

different forecast times during 2006 and 2007. For each storm, they performed a 

simulation with simple vortex relocation as well as a parallel model run using vortex 

relocation and a bogus vortex. Their results showed that both of the vortex relocation 

experiments showed an improvement in skill with respect to track prediction over the 

original control analyses. Furthermore, there was a greater reduction in track error for the 

bogus-plus-relocation experiments over the relocation-only experiments. They did point 

out some intensity error reduction, but this could be simply due to the improved track and 

further investigation would be necessary to see how much of the improvement could be 

attributed to other factors.  

Vortex relocation is not used in this study; instead, a hybrid 3DVAR/ensemble 

Kalman filter initialization is introduced to provide flow-dependent background error 

statistics in combination with the quasi-fixed 3DVAR error covariance to improve not 

only the location of the TC at initialization, but also the structure and intensity. The two 

components of this method will be reviewed in the following sections. 
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1.2.1.2.2 3D-Variational Data Assimilation 

 During the 1980s and early 1990s, statistical interpolation methods (Lorenc 1981) 

and the similarly-derived 3DVAR algorithm (Parrish 1992) for data assimilation were 

developed and utilized to improve initial conditions for numerical weather prediction 

models. In 3DVAR data assimilation, background error statistics are derived from a 

continuous set of available observations, combined with short-range forecasts performed 

with the NWP system over the same time period. These background error statistics, 

which express a relationship between the observational error and model error, are 

expressed in a standard background covariance matrix, which is used each time the 

3DVAR data assimilation system is employed (Wu et al. 2002). Thus, the background 

error covariance matrix remains static, or fixed, for long periods of time. Each forecast 

cycle, when observations are assimilated, they are related to the model grid in a 

consistent manner. 

The 3DVAR technique has been successful in improving the forecasts of 

synoptic-scale features (Kalnay et al. 1990; Mitchell et al. 1993), but it does not provide 

sufficient detail to improve model resolution of mesoscale and convective-scale features 

(Torn et al. 2009) , which tend to govern the analyzed and forecasted intensity of tropical 

cyclones. Because TCs demonstrate large variations in both wind and mass fields over 

small distances, it is a real challenge to prescribe a background error covariance matrix 

that will be sufficient for both the inner core of the TC and the ambient synoptic-scale 

environment (Torn 2010) . An additional, flow-dependent method of computing these 

error statistics is needed in order to tailor errors to each individual model forecast as the 
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storm evolves. This is achieved with an ensemble Kalman filter, as discussed in the next 

section. 

 

1.2.1.2.3 Ensemble Kalman Filter Data Assimilation 

 Evensen (1994; 2003) advocates the use of the ensemble Kalman filter (EnKF) for 

atmospheric modeling, because the EnKF takes into account multiple model states, or 

ensemble member states, when calculating both the first guess and the background error 

covariance for data assimilation. A short-range ensemble forecast is generated, valid at 

the time at which an operational forecast must be initialized; the spread, or uncertainty, 

among the ensemble members at each point on the model grid is what determines the 

model error covariance matrix for that forecast cycle (Houtekamer and Mitchell 1998; 

Hamill 2006).   

Houtekamer et al. (2005) used an ensemble Kalman filter to assimilate all 

available data into the Canadian Meteorological Center (CMC) Global Environmental 

Multiscale (GEM) model; this study achieved results comparable to the same 

experiments conducted with 3DVAR. Because of this work, the CMC now uses an EnkF 

operationally. Whitaker et al. (2008) and Szunyogh et al. (2008) demonstrated that EnKF 

DA showed marked improvement over 3DVAR DA for NCEP GFS forecasts, especially 

in areas where the observational network is less dense, such as the southern hemisphere. 

Torn and Hakim (2009) showed that DA using an ensemble Kalman filter improved 

forecasts of hurricane Katrina, while Torn and Hakim (2010) showed similar 

improvements due to an EnKF used to improve mesoscale features in a high-resolution 

hurricane forecasting experiment.  



 14 

1.2.1.2.3 Hybrid 3DVAR/EnKF Data Assimilation 

 Given that 3DVAR and EnKF DA have both shown promise in improving both 

the initial condition and forecasts of tropical cyclones, another technique that is gaining 

popularity is the combination of both methods into a hybrid data assimilation system. In 

hybrid DA, both the time-invariant 3DVAR and the flow-dependent EnKF background 

error covariance matrices are produced separately; subsequently, they are both used to 

contribute background error statistics to the model analysis, and can be assigned relative 

weights by the user, determining how large of a contribution each one will make to the 

final analysis (Hamill and Snyder 2000) . 

Hamill and Snyder (2000) found that the hybrid DA generated ―well-calibrated‖ 

initial conditions, and was especially useful for experiments conducted with smaller-sized 

ensembles, where less emphasis could be placed on the smaller sample size of flow-

dependent error statistics. The hybrid DA system was more successful than the 3DVAR 

at producing an accurate initial condition, particularly in areas where observational data 

were sparse. Etherton and Bishop (2004) tested the robustness of several different hybrid 

3DVAR/ensemble data assimilation schemes and models, finding that the hybrid DA 

outperformed 3DVAR for all forecast models and combinations that were examined. 

Several other studies have found similar results, whereby a hybrid DA system 

outperformed 3DVAR (Wang et al. 2008; Wang et al. 2009) as well as 4DVAR (Zhang et 

al. 2009; Cheng et al. 2010) data assimilation for both model analyses and forecasts, 

particularly when ensemble size was small and/or observations were sparse. 
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1.2.2 Potential Vorticity as a Diagnostic for Tropical Cyclone Development 

Tropical cyclones are large and complex structures, both formed and governed by 

processes that interact on multiple spatial and temporal scales. It is difficult to fully 

describe the structure and strength of a TC by examining just a few atmospheric 

parameters. However, one quantity that is particularly useful as a diagnostic for TC 

analysis is potential vorticity (PV), because it elucidates how the dynamics of the storm 

and its environment are being altered by diabatic processes (Davis and Emanuel 1991; 

Wu and Emanuel 1995). Ertel potential vorticity is a product of the vertical distribution 

of potential temperature and vertical vorticity:  

 

                              (1.1) 

where g is the acceleration due to gravity, θ is potential temperature, p is pressure, and ζ 

is the isentropic absolute vorticity (Ertel 1942). If scale values for a typical background 

synoptic environment are chosen, average potential vorticity in an ambient environment 

can be expressed as:  

        (1.2) 

where PVU is a potential vorticity unit. Potential vorticity is conserved for adiabatic, 

frictionless flow (Starr and Neiburger 1940), so PV anomalies are generated in areas 

where diabatic processes are taking place, such as the inner core and outer spiral 

rainbands of a tropical cyclone. According to equation 1.1, PV will be high in areas 

where there is a large gradient of potential temperature with respect to pressure and high  
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values of vertical vorticity, so the warm core of a TC will demonstrate a large positive 

PV anomaly due to both of these effects. Similarly, the diabatic processes that generate 

latent heat in the spiral bands of tropical cyclones as well as the vorticity associated with 

deep convection will generate PV anomalies in these areas as well. 

The dynamics of these features can be described using other atmospheric fields, 

such as wind, vorticity, geopotential height, and moisture variables, but the conservative 

property of PV provides a simple and complete parameter with which to do so (Molinari 

et al. 1998; Mctaggart-Cowan et al. 2001; Mctaggart-Cowan et al. 2003). The positive 

PV anomalies in the core and spiral bands are, in effect, the tropical cyclone. In fact, 

potential vorticity has the important property of invertibility, which means that, with 

information about the PV field, boundary conditions, and a prescribed balance condition, 

the balanced mass and wind fields can be calculated from the PV field (Davis et al. 1991; 

Molinari et al. 1998; Mctaggart-Cowan et al. 2001). In other words, this one quantity 

provides most of the information about the storm that is needed for analysis and 

forecasting. Potential vorticity will not be inverted in this study, but the information 

contained within it is helpful for the analysis herein and will be useful for future work.   

 

1.3 Hypothesis 

The aim of this study is to create a more accurate, yet operationally feasible 

method of producing a TC initial condition in the WRF model. Specifically, this work is 

done with a version of WRF-ARW that is run twice daily during hurricane season at 

North Carolina State University (NCSU) in combination with the Renaissance 

Computing Institute (RENCI); this is the NCSU/RENCI HURNC model, hereafter 
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referred to as HURNC in this work. As mentioned, details about this model and its 

configuration will be provided in Chapter 2. Two 96-hour model simulations will be 

performed for the same initialization time during Hurricane Ike (10 September 2008, 

1200 UTC), Tropical Storm Erika (2 September 2009, 0000 UTC), and Hurricane Earl (1 

September 2010, 0000 UTC), each with a different initial condition: 1) a control run with 

standard GFS half-degree data, 2) an experimental run with the GFDL bogus vortex 

stitched into the GFS boundaries (Hart 2008). Two additional model runs will be 

performed for Hurricane Earl at the same initial time: 1) an experimental run using a 

hybrid 3DVAR/EnKF DA system, and 2) the same hybrid system with specialty aircraft 

reconnaissance dropsonde data assimilated as well. Earl was chosen for this additional 

analysis due to the availability of data for assimilation, the poor forecast skill of the 

GFDL bogus vortex simulations for Earl, and the importance of such a high-impact 

forecast for a Category 3 storm threatening the east coast of the United States. 

Ike, Erika, and Earl were selected in order to take a sample of TCs of different 

intensities in the Atlantic basin and Gulf of Mexico. At the times of initialization chosen 

for these experiments, Hurricane Ike was a Category 1 on the Saffir-Simpson hurricane 

intensity scale, Erika was a tropical storm, and Earl was a Category 3 hurricane. At the 

time of these retrospective forecasts, each of these TCs had the potential to make landfall 

in populated coastal areas of the United States as a powerful hurricane.  

The major hypothesis of this study is that the hybrid data assimilation initial 

condition will have more skill than will the bogus vortex initial condition in prediction of 

TC track, intensity, and structure. While both initialization methods have shown 

improvement over standard analyses in various studies (e.g. Bender et al. 1993; Chen et 
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al. 2007; Agnihotri et al. 2008; Wang et al. 2008; Torn and Hakim 2009; Xiao et al. 

2009; Wu et al. 2010), the bogus vortex is fraught with several issues, such as vortex 

resiliency (Reasor et al. 2004; Mallen et al. 2005) and an overly robust potential vorticity 

tower with strong upper-level PV (Wang 1993; Singh et al. 2005), which do not arise in 

the data assimilation method. It is expected that the structure of the initial vortex created 

with a hybrid DA IC will be more similar than that of the bogus vortex to the structure of 

a real TC. Thus, we speculate that the forecast evolution of the hybrid DA tropical 

cyclone will also be closer approximation to the actual structure and intensity of 

Hurricane Earl and that forecast skill will be improved through the use of this IC. 

 

 

1.4 Thesis Outline 

Chapter 2 will contain a description of the methods used to perform model 

experiments, as well as an explanation of the potential vorticity (PV) analysis technique 

and other tools used to analyze the results. Chapter 3 will discuss the results of the three 

initial condition experiments performed with the GFDL bogus vortex as compared with 

the GFS standard IC for Ike, Erika, and Earl; this includes a description of the structure 

and characteristics of each initial condition as well as an analysis of how each storm 

evolves throughout the model forecast. Chapter 4 will delineate the results of the hybrid 

3DVAR/EnKF DA model experiments performed with Hurricane Earl as compared with 

the GFS and GFDL bogus vortex model runs for the same storm. Finally, Chapter 5 will 

provide a discussion and summary of results as well as a look toward possible future 

work.  
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2. Methods 

The first section of this chapter describes the general model set-up. The second 

section details the methods used to set up each of the three initial conditions being tested. 

The third section describes the method used to evaluate all model forecasts.  

 

2.1 NCSU/RENCI HURNC WRF Model 

 The HURNC model is a special configuration of the Weather, Research, and 

Forecasting (WRF) Model, version 3.2, with an Advanced Research WRF (ARW) core. 

WRF is a nonhydrostatic, fully compressible atmospheric model, based on a set of 

predictive equations in Euler flux form. These equations are integrated through time 

using the Runge-Kutta time integration scheme. A full description of the WRF model can 

be found in Skamarock et al. (2008).  

HURNC is optimized for tropical cyclone prediction and operates twice daily in 

an operational capacity during hurricane season. HURNC has a parent domain with 27-

km grid spacing, which covers most of the Atlantic basin and measures 361 x 301 grid 

points in the horizontal plane. Within this parent domain, there are two square, vortex-

following one-way inner moving nests with 9-km and 3-km grid spacing, measuring 211 

x 211 and 361 x 361 grid points, respectively (Fig. 2.1). The vortex is tracked at the 850-

millibar level for experiments in this study.  

 A simple ocean mixed layer model, based off of the work of Pollard et al. (1973), 

is activated in these experiments. This is a single-column model in which each 

atmospheric column interacts with a 2-dimensional ―column‖ of ocean. An average depth 

of the thermocline, or mixed layer, is specified as 50 m for each ocean column and the 
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lapse rate of the thermocline is chosen to be 0.10 K/m. When hurricane winds become 

strong, they impart a stress to the ocean columns beneath them, transferring turbulent 

kinetic energy downward. Because these columns cannot exchange heat with each other, 

heat is redistributed vertically, causing the mixed layer to deepen and cool due to 

entrainment of the cooler waters near the bottom of each column (Davis et al. 2008) . 

This parameterization mimics the effect of turbulent mixing of the thermocline in the 

ocean. The more the thermocline cools, the smaller the heat flux between the ocean and 

the hurricane becomes; this effect mitigates storm intensity and can prevent over-

deepening of hurricanes in WRF (Skamarock et al. 2008; Yablonsky 2010).  

 The Kain-Fritsch cumulus parameterization scheme is used on the two outermost 

grids, while the innermost moving nest uses explicit convection.  The WRF single 

moment, six-class microphysics scheme (WSM6) is used on all domains; this was chosen 

particularly for its ability to handle graupel, which is an important precipitation type in 

tropical cyclone dynamics. The absence of ice processes in a hurricane model has been 

shown to dramatically affect the thermodynamics and dynamics of the TC, because 

convective rainbands are less likely to form. The inclusion of graupel, snow, and ice - 

particularly the melting of ice-phase hydrometeors - causes more convective instability 

and, therefore, stronger mesoscale downdrafts associated with banded convection 

(Willoughby et al. 1984) . These processes can exert influence over the track, intensity, 

and size of the storm (Fovell 2007) . HURNC uses the Rapid Radiative Transfer Model 

for longwave radiation and the Goddard scheme for shortwave radiation. The surface 

layer model is the Monin-Obukhov Similarity scheme with the thermal diffusion land 

surface model and the diffusion package is the Yonsei University (YSU) planetary 
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boundary layer (PBL) scheme. HURNC model runs for 2010 also make use of the 

recently developed Garratt surface enthalpy flux option, which is designed to more 

closely simulate the ocean heat fluxes over water in high wind situations, such as tropical 

cyclones (Garratt 1992; Dudhia 2010). 

 

2.2 Initial Condition Generation 

 The experiments in this study use three different types of initial conditions: a) the 

―standard‖ IC, derived from GFS data alone, b) an artificial cyclone generated using the 

GFDL bogus vortex, and c) data assimilation using a hybrid 3DVAR and Ensemble 

Kalman Filter system with in-situ hurricane observations. Each of these methods will be 

discussed in more depth in the following sections. 

 

2.2.1 GFS-Only Initial Condition 

 The GFS-only initial condition acts as the control experiment for this study.  To 

generate this IC, the Global Forecast System 0.5° data are used to initialize the HURNC 

model and interpolated onto the 27-km parent grid.  The moving nests initialize with 

these same data, which is further interpolated onto the 9-km and 3-km grids. Ten-minute 

topography is used for all model grids; this is acceptable given the fact that most TCs 

form and spend most of their lifetime over the ocean, where topography is not a factor. 

The GFS initial condition is too coarse to correctly approximate a tropical cyclone (Zou 

et al. 2010), the structure of the vortex is not well-defined (Reeder et al. 1991), and the 

TC intensity is too weak (Kurihara et al. 1993) .  
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2.2.2 GFDL Bogus Vortex Initial Condition 

 The bogus vortex used to generate the first experimental initial condition for this 

work is created by the Geophysical Fluid Dynamics Lab, or GFDL. The GFDL hurricane 

model is a dynamical model that also employs three computational grids, the largest of 

which is much smaller than the outer domain of HURNC. The outer grid consists of a 75° 

x 75° domain of 1/2° grid spacing, with two vortex-following inner grids of 1/3° and 

1/12° grid spacing, respectively. These nested grids follow the storm, keeping it centered 

within the fine-mesh grid. The GFDL hurricane model contains 42 vertical levels, with 

dense coverage at lower heights (Bender et al. 2007) . 

The GFDL model uses GFS for its background environment initialization data. 

Once the fields from the GFS analysis are ingested, the TC vortex anomalies in those 

fields are filtered out from the background environment. These anomalies are then 

replaced by an artificial vortex, which is specified based on the observed location and 

intensity of the actual tropical storm as estimated by the National Hurricane Center. The 

bogus vortex is introduced into the model by combining a symmetric TC component with 

an axisymmetric component.  The former is generated using an axisymmetric version of 

the GFDL hurricane model and the latter asymmetries are derived from the 12-hour wind 

field forecast of the previous GFDL model run, verifying at the current analysis time. 

Once both storm components are included in the initial condition, the mass fields are 

diagnosed and balanced using the divergence equation (Kurihara et al., 1993). 

 Because the GFDL inner model domain (11° x 11°) is much smaller in size than 

that of HURNC, HURNC cannot simply be initialized with the GFDL IC. Instead, a 

technique developed by Robert Hart at Florida State University must be employed, 
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whereby the GFDL IC is ―stitched in‖ to the GFS background field, replacing the GFS 

TC with the artificial vortex. The background field in the immediate area of the storm has 

already been balanced by the GFDL model; this does not create discontinuities in 

HURNC, because the GFDL hurricane model also uses GFS data for its background 

environmental analysis. Tools used to perform this merge include shell scripting and the 

Grid Analysis and Display System (GrADS User’s Guide, 2011). The final merged 

initialization field is converted to GRIB1 format using the LATS interface in GrADS. 

Details of this procedure can be found in Hart (2008). 

 

2.2.3 Data Assimilation with an Ensemble Kalman Filter Initial Condition 

The third initial condition used in this study is created with a hybrid system of 

Ensemble Kalman Filter (EnKF), and 3DVAR data assimilation (DA). In this study, a 24-

member physics ensemble is initialized with WRF at 1800 UTC, 31 August 2010 to 

generate a 6-hour ensemble forecast for Hurricane Earl, valid at 0000 UTC, 01 

September, 2010, or the time at which the operational forecast in question begins. The 

benefits of using an ensemble of different physics parameterizations have been shown to 

outweigh the benefits of perturbing the initial conditions, especially for shorter time 

periods, such as the 6-hour forecast used here (Bright and Mullen 2002; Jones et al. 2007; 

Stensrud et al. 2000). Systematic errors that tend to steer the model’s atmosphere toward 

its own climatology tend to be larger when the same model is used with different IC 

perturbations. A physics ensemble results in a larger variance and reduced correlations 

between its members; this reduces systematic errors and allows the ensemble mean to 
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trend more toward a realistic atmospheric state rather than toward model climatology 

(Stensrud et al. 2000) . 

The 6-hour forecast ensemble mean is used as the first guess, or background field, 

for data assimilation. It can be shown that the difference between the true state of the 

atmosphere (xt) and the background state (xb) is expressed as: 

   (1) 
 

(e.g. Kalnay 2002, Ch. 5) where yo is the observation field, W is the optimal weight, and 

[y
o
-H(x

b
)] is the innovation, or ―observational increments‖ vector. The innovation can 

also be described as the new information introduced to the initial condition by the 

observations. The error, εa is the difference between the analysis field (xa) and the true 

state of the atmosphere (xt): 

   (2)
 

The optimal weight, or gain matrix, is obtained by minimizing a least squares cost 

function with respect to the derived weights. It can also be expressed as: 

W = BHT (R+HBHT )-1

   (3) 

where BH
T
 is the background error covariance in observational space, R is the 

observational error covariance, and (R+HBH
T
) is the total error covariance. It is assumed 

that B and R are uncorrelated. In the EnKF method, the background error covariance is 

calculated from the ensemble spread for each model run; this flow-dependent B is what 

makes the EnKF such an effective technique for data assimilation. The DA experiments 

in this study use a hybrid 3DVAR/EnKF method to generate the background error  
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covariance; hybrid variational/ensemble data assimilation has been shown to be 

particularly effective and robust for ensembles of small size, or few members (Liu et al. 

2010).  

In a Hybrid 3DVAR/EnKF system, B is a combination of both the EnkF and the 

standard 3DVAR background error covariance matrices. The ensemble covariance is 

included in the 3DVAR cost function and can be weighted in order to dictate what 

percentage of the final covariance matrix is determined by this flow-dependent error, or 

ensemble spread. For this work, the EnKF and 3DVAR covariance matrices are assigned 

equal weights to determine the final B, which is used, in addition to the optimal weight, 

to calculate the analysis error covariance (Pa): 

P
a

= (I
n
-WH )B

   (4)
 

where In is the identity matrix (n × n in the model space). This covariance matrix is used 

in the objective analysis to measure the quality of the final model analysis.  

Additional aircraft reconnaissance dropsonde data were obtained from the Air 

Force at 3 locations to the west of the storm. These in situ observations were located at 

(25.0 N, 78.9 W), (25.0 N, 75.0 W), and (25.1 N, 73.0 W); they were launched at 00:08 

UTC 1 Sept 2010, 23:27 UTC 31 August 2010, and 23:07 UTC 31 August 2010 

respectively (Fig. 2.2). Two experimental WRF runs for Hurricane Earl are initialized 

with the hybrid DA EnKF initial condition at 0000 UTC September 1 2010; one includes 

these three dropsondes and the other model run does not. The former uses a 1-hour data 

assimilation window on either side of the initial time, allowing observations to be 

included between 2300 UTC 31 August and 0100 UTC 1 September in 2010. Fields  
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assimilated from the dropsonde data are pressure (mb), geopotential height (m), 

temperature and dew point (K), wind speed (m/s), and wind direction (degrees). Results 

of these model runs will be discussed in Chapter 4.  

  

2.3 Forecast Evaluation  

It is a challenge in tropical meteorology to obtain observations with which to 

evaluate one’s forecasts. Data coverage over the oceans, where tropical cyclones spend 

most of their development time, is sparse; buoys are spaced hundreds of miles apart. 

Dropsondes can be quite useful, but only a limited number of aircraft reconnaissance 

flights can be flown, and even fewer are flown directly into tropical storms. Therefore, 

the NHC relies heavily on satellite-derived measures of intensity and winds (Burton 

2005; Velden et al. 2006) with which to compare model runs. The National Hurricane 

Center’s HURDAT (―Best Track‖) data set is used to evaluate the position, SLP, and 

wind speed for TC forecasts examined in this study. 

Another parameter that can be used as an estimate for tropical cyclone intensity is 

tangential wind speed, particularly at the 10-meter height level. The Hurricane Research 

Division (HRD) distributes a product called HWND, which are marine surface wind 

analyses for tropical cyclones designed to help emergency managers assess inland 

impacts of potentially damaging winds associated with TCs. These HWND analyses are 

made in real-time with data gathered from various available sources, such as aircraft 

reconnaissance, buoy observations, satellite imagery, and land-based observation systems 

(Powell et al. 1998) . 
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Intensity error is first computed using a simple difference formula to obtain the 

disparity between the model analysis or forecast and the Best Track data values for both 

SLP, in millibars, and wind speed, in knots. Intensity root mean squared error (RMSE) is 

used as a method to evaluate each model run’s SLP error over the entire forecast period. 

RMSE is the standard deviation of model SLP departures from Best Track values, or: 

                       (5) 

where SLPH is the HURDAT Best Track estimate of minimum central sea level pressure, 

SLPM is the forecasted SLP, and n is the number of values, or forecast times, included in 

the error calculation.  

In order to calculate track error, the location of the minimum central sea level 

pressure for each model analysis is found using a FORTRAN algorithm. Then, the 

distance between the model minimum SLP and the HURDAT estimated TC location is 

computed using the great-circle distance, or Haversine formula: 

)]sin()sin()cos()cos()cos[cos(111 MHMHMH xxxxyyAd               (6) 

where d is the distance between the two locations, (xH, yH) are the latitude and longitude 

coordinates of the HURDAT storm location, and (xM, yM) are the latitude and longitude 

coordinates of the model storm location. The straight-line distance (in km) between the 

model TC location and the Best Track location is taken to be the track error in this study. 
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3. HURNC Realtime Operational Hurricane Model and the GFDL Bogus Vortex  

 For the 2008, 2009, and 2010 Atlantic hurricane seasons, HURNC has run in real 

time from July through November, allowing evaluation over a series of TC cases.  

Subjective evaluation indicates that this modeling system exhibits considerable skill for 

both track and intensity even when using unmodified GFS 0.5° initial condition data; 

however, for model runs in which a TC is strong at the time of initialization, there is 

often a substantial intensity error, which has often been the case for other similar 

experiments as well (Xiao et al. 2009; Miyoshi et al. 2010). In a few instances, the initial 

tropical cyclone in HURNC has been upwards of 40 mb too weak, particularly when 

simulating a mature storm; for example, the GFS initialization of Hurricane Earl at 0000 

UTC on 1 September 2010 was 984 mb, while HURDAT Best Track data indicates that 

the hurricane had a central pressure of 940 mb at that time. Clearly, such dynamical 

forecasts would not be useful for the prediction of inland impacts; an alternate method of 

initializing HURNC is needed. It is the aim of this study to find such an initial condition 

that is operationally feasible and will improve forecasts, particularly at shorter lead times 

when TCs are threatening land. 

 One method of model initialization that has demonstrated significant forecast 

improvement for TCs in many cases is the Geophysical Fluid Dynamics Lab hurricane 

model bogus vortex (Kurihara et al. 1993; Davis et al. 2008; Lin et al. 2010). Inserting 

the GFDL artificial vortex that has been specified based on the location and radius of the 

observed TC at the initial time ensures that the model no longer has to ―catch up‖ to the 

observed storm intensity. With the standard GFS IC, the first 6, 12, or even 18 hours of 

the model forecast are, in effect, unusable for operational purposes, because the storm 



 29 

needs this time to spin up toward its actual intensity and structure in the model. The 

reduction or elimination of this spin-up time would be very useful for short-term 

forecasts of importance for landfall (Kurihara et al. 1993; Xiao et al. 2009; Kwon et al. 

2010; Xiao et al. 2010). 

 In an effort to more closely represent storm structure and intensity at the initial 

time, and improve the model forecast as a result, HURNC was re-run for Hurricane Ike 

(2008), Tropical Storm Erika (2009), and Hurricane Earl (2010) using the GFDL bogus 

vortex at the initial time; this technique and Bob Hart’s method (Hart 2008) of 

incorporating it into the GFS background is described in Section 2.2.2. These three 

storms were selected in order to take a sample of TCs of different intensities and different 

locations in the Atlantic basin and Gulf of Mexico. Ike was a mature Category 1 on the 

Saffir Simpson hurricane scale on 10 September 2008 at 1200 UTC, Erika was a tropical 

storm on 2 September 2009 at 0000 UTC, and Earl was a mature Category 3 storm on 1 

September 2010 at 0000 UTC; these times represent the initialization points for the 

model experiments presented here. For the GFS IC, GFS 0.5° data are interpolated onto 

the 27-km parent domain for HURNC; this field is then projected onto the 9- and 3-km 

inner moving nested grids. For the BV IC, the GFDL 1/12
th

 degree data are stitched into 

the GFS background and all fields are interpolated onto a 0.2° grid; this grid is then 

projected onto the 27-km parent domain for HURNC and projected onto the inner nests. 
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3.1 Hurricane Ike 

3.1.1 Initial Conditions 

The tropical disturbance that would become Hurricane Ike originated as a wave 

that crossed the tropical Atlantic basin beginning on 28 August 2008. It made landfall as 

a Category 3 storm in Cuba at 0200 UTC on 8 September; Ike then reemerged into the 

northwest Caribbean Sea, slightly weakened, only to make a second landfall in Cuba at 

1400 UTC on 9 September. When Hurricane Ike exited Cuba into the Gulf of Mexico 

about 6 hours later, it had been weakened significantly by its interactions with land. The 

structure of the inner core was disrupted and the wind field had expanded laterally. At 

this time, Ike was a Category 1 hurricane and was threatening the Gulf coast of the 

United States, with the potential to gain strength again over the warm Gulf waters. It is 

for this reason that model runs for Ike in this study were initialized at 1200 UTC on 10 

September 2008; an accurate forecast at this time was critical due to Ike’s proximity to 

the densely populated Gulf coasts of Texas and Louisiana (Fig. 3.1). 

The HURNC system is initialized at 1200 UTC on 10 September 2008 with the 

control initial condition of GFS 0.5° data and also with the experimental IC created by 

merging the GFDL bogus vortex (BV) with the GFS background environment. Hereafter, 

the former will be referred to as GFS and the latter will be referred to as BV. Ike’s 

analyzed sea level pressure and 10-meter wind speed at the initial time of each model run 

are shown in Fig. 3.2. The GFS IC displays a slightly asymmetric tropical cyclone (Fig. 

3.2a). The central sea level pressure is 989 mb and the maximum wind speed is 65 kt in 

the northeast quadrant of the storm, where storm-relative winds are in the same direction 

of storm motion. A clear eye is visible with light winds at the center of the TC.  
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The BV IC shows a stronger cyclone, which is also fairly symmetric, especially in 

the inner core region (Fig. 3.2b). The central pressure is 968 mb and maximum wind 

speeds are in excess of 90 kt. Aside from the intensity exceeding that of the GFS IC by 

21 mb, the bogus vortex exhibits a structural difference in that the inner core is a tightly 

packed, compact structure with a stronger pressure gradient. This is a consistent signature 

of the GFDL bogus vortex across all storms in this study.  

The HURDAT Best Track data indicate that Ike actually had a central pressure of 

959 mb at 1200 UTC on 10 September 2008, with a maximum wind speed of 85 kt. The 

Hurricane Hunter aircraft Doppler radar (Fig. 3.3) only shows a portion of the storm on 1 

September at 1200 UTC, due to the plane’s position at the time, but a clear eye is visible. 

This radar plot is 350 x 360 km, while the model plots of SLP and 10-m wind speeds are 

1083 x 1083 km, so the observed eye is approximately 10 km in diameter; it is closer in 

size to the BV analyzed eye than to the GFS structure. The model ICs do place the 

strongest winds predominantly in the eastern – particularly northeastern - portion of the 

storm, which is consistent with observations. In a northward or northeastward moving 

storm, such as Ike, the winds in the northeast quadrant of the storm will be strongest, 

because the storm-relative winds are blowing in the same direction as the storm motion; 

thus, the net winds in this region are the strongest of anywhere in the hurricane.  

A latitudinal cross-section of GFS tangential wind speed and potential 

temperature (Fig. 3.4a).  is taken through the center of Ike, as indicated by the red line on 

Fig. 3.2a. This cross-section shows a 75 kt tangential wind speed maximum from the 900 

mb level to the 750 mb level in the eastern half of the storm and a 60 kt maximum 

between 600 mb and 700 mb on the west side of the storm. The eye of the TC is defined 
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by a narrow swath of 20 kt winds at low levels and lighter 5 to 10 kt winds aloft. 

Potential temperature reaches a maximum in the eyewall throughout the entire vertical 

profile; from the surface up to 400 m, the warm core has a potential temperature that is 2 

to 3 degrees warmer than that of the eyewall (e.g. at the 900 mb level, potential 

temperature inside the eye is 305 K, while outside the eye, values reach 303 K). 

The same latitudinal cross section through Ike’s BV initial condition (Fig. 3.4b), 

taken through the red line shown in Fig. 3.2b, is quite different from the GFS IC in that 

the strongest tangential winds are concentrated much closer to the storm center, which 

gives the inner core of the TC a more compact and vertically robust structure with a 

narrower eye than is seen in the GFS IC. Wind speeds in the BV reach 95 kt in the area of 

maximum tangential winds on the east side of Ike, which extends from 900 to 700 mb, 

while on the western side of the Ike, 75 kt tangential winds extend from 650 mb to 425 

mb; these winds are not only stronger, but the maxima reach higher into the atmosphere 

than do the analogous wind maxima in the GFS IC (Figs. 3.2a,b). Once again, the eye is 

not calm, and tangential winds are 40 kt from 900 mb up to 450 mb in the weakest part of 

the eye, which is stronger than that of the GFS IC. There is an area of lighter 25 to 30 kt 

winds at the 925 mb level in the base of the eye. The potential temperature gradient 

across the BV eyewall is slightly greater than it is in the GFS IC, with temperatures at the 

center of the warm core system consistently 3 to 4 K warmer than those in the eyewall 

from the 600 mb level up the top of the storm. 

Latitudinal cross sections of the potential vorticity (PV) anomalies associated with 

Ike give a sense of how strong the storm is in the model. As discussed in Chapter 1, the 

potential vorticity is, in effect, the tropical cyclone; cyclonic PV anomalies are expected 
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in the inner core of the TC as well as in the spiral bands of convection. The GFS PV 

tower is an asymmetric, amorphous structure with a low-level anomaly of 4 PVU and a 

secondary swath of PV expanding with height from 750 mb to 300 mb (Fig. 3.5a). The 

asymmetry referred to here is that of the core of the storm, because no spiral bands are 

evident in the GFS initial condition. It is not surprising that the analysis is devoid of 

spiral banding, because the GFS 0.5° data are too coarse to resolve these convective-scale 

features.  

The BV IC, by contrast, is a robust tower of potential vorticity with a lower PV 

anomaly of 10 PVU and a large 16 PVU anomaly extending from approximately 800 mb 

up to 350 mb (Fig. 3.5b). There is a maximum of 20 PVU at 400 mb, which is quite high 

and is most likely due to the strong temperature and stability gradients at high levels. The 

symmetry of this artificial vortex is apparent in the core of the storm, however some faint 

PV artifacts are evident in the outer core on either side of the storm center at the initial 

time; these may be artifacts created by the boundary between the GFDL bogus vortex 

field and GFS background field. The maximum PV in these artifacts is 4 PVU, but due to 

lack of observations, it is impossible to evaluate whether these are real. 

 Further examining the PV at both low levels and upper levels in both the GFS and 

BV representations of Ike, Fig. 3.6 shows the plan-view 925 mb and 500 mb potential 

vorticity and heights for both model runs at the initial time. Each slice is taken through a 

4 x 4 degree area centered over the SLP storm minimum. The low-level PV in the GFS 

IC is a weak, asymmetric anomaly in the TC core with a 4-PVU maximum toward the 

northern half of the storm (Fig. 3.6a). The 8 PVU 925 mb PV in the BV IC is twice as 
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strong as that of the GFS IC, and covers a larger area, which is more symmetric about the 

storm center, marked by a height minimum of less than 40 dam (Fig. 3.6b).  

The 500 mb PV paints a similar picture, only with more dramatic differences 

between the two initial conditions. At mid-levels, the GFS IC has a 6 PVU anomaly, 

which is asymmetric in the core, but devoid of any outer core features, as expected with 

such a low-resolution initial condition (Fig. 3.6c). The PV center is also offset from the 

less-than-580 dam height minimum, demonstrating that the storm is leaning with height, 

as seen in the vertical cross section (Fig. 3.5a); most likely this is a result of vertical 

environmental wind shear, which is moderate at this time, ranging from 20 to 30 kt in the 

vicinity of Hurricane Ike (not shown). The BV potential vorticity at the initial time shows 

a powerful 18 PVU maximum at 500 mb, with a nearly symmetric mid-level core 

centered directly over the height minimum (<564 dam) at this level (Fig. 3.6d). This 

confirms the view of the vertical and robust PV tower as seen in the cross section.  

 

3.1.2 Forecast Evolution 

 The differences between the GFS and the GFDL BV initial conditions are 

significant, but how do they evolve within the model to influence the forecast? In order to 

give a broad view of the entire forecast period, a summary of minimum central sea level 

pressure versus time for the Best Track data, the GFS model run, and the GFDL BV 

model run is shown in Fig. 3.7. The GFS initializes with a 30 mb error, while the BV has 

an initial error of only 9 mb. Hurricane Ike experienced a rapid deepening from the 6- to 

12-hour forecast period due to the outer radius of maximum wind contracting in an 

eyewall replacement cycle. During this time, both the GFS and BV deepen quickly, but 
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not at a rate that allows them to keep pace with or to spin up to the same intensity as the 

real Ike during this period of deepening. This may be due to the fact that the eyewall 

replacement cycle is not represented in either model run; in fact, it is extremely difficult 

to model an eyewall replacement, even in very high-resolution simulations (Pu et al. 

2009) . 

From the 12- to 36-hour forecast period, Ike began to weaken as it moved west-

northwestward in the Gulf; at this time, the TC’s wind field was quite broad, but the inner 

core convection was weaker, so the storm had difficulty intensifying (Berg 2008). Ike’s 

SLP remained relatively constant until it intensified briefly by 5 mb before making 

landfall at 66 hours. By contrast, both model runs continue to intensify Ike until 36 hours 

into the forecast period, at which point the GFS deepens the storm more slowly and the 

BV storm begins to level out and even weaken slightly before making landfall (Fig. 3.7). 

From 36 to 60 hours, the GFS is fairly accurate (±1 mb) with Ike’s intensity, matching up 

with the Best Track intensity estimates; the GFDL is 5 mb too intense at 36 hours, but 

―catches up‖ with the Best Track and GFS intensity by 54 hours.  

Both models have Ike making landfall 3-4 hours earlier than the Best Track data 

indicates, but intensity at landfall of 950 mb in both models equates with observations. It 

is remarkable that two model runs with such diverse initial conditions can not only 

converge to the same solution, but perform so well at later lead times predicting storm 

intensity. Fig. 3.8 shows the tracks of Ike in the GFS (yellow) and BV (green) model 

runs, compared with that of the Best Track (red). Again, the similarity of these storm 

tracks is surprising, given the extreme differences in initial condition structure and 

intensity, as well as the disparity in early storm evolution, during which the actual TC 
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underwent an eyewall replacement, and the model simulations did not. Presumably, this 

indicates that the steering currents in the GFS environment are accurately represented. 

Track error is not shown, due to its consistently small value throughout the forecast. 

There are slight along-track errors, however, resulting in a 4-hour earlier landfall time in 

the models than with the observed TC.  

Fig. 3.9a shows the GFS 24-hour forecast of sea level pressure and simulated 

radar for Ike, valid at 1200 UTC 11 September 2008. The eye of the storm is quite large 

(nearly 100 km in diameter), and mostly clear of precipitation. The central pressure of Ike 

in the GFS model forecast for this time is 964 mb and wind speeds reach a maximum of 

85 kt near the strongest convection, which is concentrated in the eastern half of the storm. 

Three spiral bands have formed; the easternmost one is well defined, with several 

convective cells. The BV 24-hour forecast of the same fields is shown in Fig. 3.9b; at 

first glance, these fields look similar to those in the GFS, but there are some significant 

differences. Firstly, the eye is approximately 80 km in diameter, which is 20% smaller 

than the GFS eye and more symmetric as well. The minimum central sea level pressure of 

the BV Ike is 954 mb at this time, and maximum winds exceed 90 kt. Spiral bands in Fig. 

3.9b are smaller and less intense, boasting fewer convective cells than those in the GFS 

forecast in Fig. 3.9a.  

 Looking at the Hurricane Hunter aircraft-based storm-centered Doppler radar 

image of Ike at 1117 UTC 11 September (Fig. 3.10) it is evident that Ike had both an 

inner core of convection and an outer core; this is due to an eyewall replacement that had 

been underway for several hours by this time. As the outer radius of maximum wind 

contracted, the inner wind maximum began to dissipate; here the western edge had 
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already begun to erode. At 1200 UTC 11 September, Ike had an observed central pressure 

of 946 mb and the maximum wind speed was 85 kt. Both model runs had Ike at a higher 

central pressure than was observed, but wind speeds were comparable between models 

and reality. The ability of the real Ike to have a lower central pressure, but similar wind 

speeds to the models is most likely due to the eyewall replacement, which kept the storm 

at an intense pressure while distributing the wind energy between two maxima in the 

inner and outer core. However, this ability could also be due to the behavior of the YSU 

PBL parameterization, as discussed in Hill and Lackmann (2009). Fig. 3.10 shows 

asymmetries in the wind field, with the majority of convection in the east half of the outer 

core and several spiral bands on that flank as well. The GFS model run came closest to 

representing the structure of this outer core and spiral bands of Ike, while the BV model 

run rendered a better representation of the inner core, with the symmetric eye beginning 

to fill in and contract. 

 Fig. 3.11a shows the 48-hour forecast of sea level pressure and simulated radar 

for GFS Hurricane Ike, valid at 1200 UTC 12 September 2008. The storm is about to 

make landfall on the Gulf coast of Texas and still has a rather large and clear eye, 

approximately 120 km in diameter, with a central pressure of 954 mb and a maximum 

wind speed of 85 kt. The large spiral band that extended from the eastern edge of Ike 

down to the tip of the Yucatan Peninsula 24 hours earlier has now dissipated almost 

completely. In addition, the swath of rain that extended from the northeastern tip of Ike 

all the way down to Cuba just one day prior is gone, reducing the lateral extent of the 

Ike’s precipitation field by nearly one-third. The convection is still concentrated on the 

eastern side of the storm, but has strengthened in the northwest quadrant as well; overall, 
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the storm is becoming more symmetric as convection begins to fill in the western half of 

the inner core.  

The BV 48-hour forecast has a central sea level pressure of 952 mb and a 

maximum wind speed of 90 kt (Fig. 3.11b). Structurally, it is less symmetric than the 

GFS forecast valid at the same time; there is less  convection in the western half of the 

inner core, and the spiral band that extends from the eastern edge of the storm westward 

all the way to 97 degrees longitude contains stronger convective cells than does the 

analogous band in the GFS forecast. The BV eye is only about 70 km in diameter, and 

not quite as clear as the GFS eye, while the northeast quadrant of the BV inner core has 

more and stronger convection relative to the GFS. 

 While the differences between the GFS and BV 48-hour forecasts are significant, 

it is difficult to tell whether either one does a good job of simulating the structure of the 

real Ike, due to lack of adequate radar or informative satellite imagery at this time. 

However, there is NEXRAD radar coverage of Ike during landfall on 13 September at 

0600 UTC (Fig. 3.12). This time coincides with the 66 hour model forecast of the GFS 

(Fig. 3.13a) and GFDL BV (Gif. 3.13b). The GFS and BV TCs make landfall earlier than 

actual Ike did, so they are each about 100 km farther inland than the real storm.  

The radar in Fig. 3.12 shows very pronounced spiral bands, which wrapped 

around the storm from the center in all directions. Convection was strongest in the north 

and northwest portions of the inner core, which was beginning to interact with land at this 

time. Because the GFS and BV storms have already progressed inland, the comparison is 

still not completely adequate, but it is notable that the strongest convection is located in 

the eastern and southern portion of the GFS inner core (Fig. 3.13a); also, the spiral that 



 39 

wrapped from the southeast corner of the real eye around the storm and into Palacios, TX 

is absent from the GFS. The GFS only simulates the spiral bands on the eastern half of 

Ike, and convection in these bands in the model is stronger than the cells in the real 

storm, with simulated radar echoes upwards of 50 dBz as compared with 40 to 45 dBz on 

the radar. The GFS eye is still clear, although the eastern portion of the eye is beginning 

to fill in with precipitation. 

The BV simulated radar at 13 September 0600 UTC (Fig. 3.13b) shows strong 

convection in the northwestern, eastern, and southern portions of the inner core, which is 

more symmetric than that of the GFS. The BV simulates two spiral bands on the eastern 

side of the TC, which is one more than the GFS, but both still fall short of an accurate 

rendering of the western half of the real Ike, which had at 2 pronounced spiral bands on 

its western flank. Again, the simulated radar of the BV model run shows convection that 

is 5 to 10 dBz more intense than that of the actual storm, and the eye of the BV is almost 

completely filled in with convection.  

 

3.2  Tropical Storm Erika 

3.2.1 Initial Conditions 

 The storm that would become known as Erika began as an African easterly wave, 

which traveled across the Atlantic basin from the west coast of Africa in late August 

2009. By 1800 UTC on 1 September 2009, this disturbance was classified as a tropical 

cyclone after U.S. Air Force Reserve aircraft reconnaissance showed that this storm had a 

very broad, but distinct closed circulation with 45-kt maximum winds. Erika was unusual 

in that the low-level center was exposed just west of Guadeloupe, while the deep 
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convection was offset from this center, approximately 250 nautical miles east of 

Guadeloupe (Fig. 3.14a) (Brown 2009). The entire system was moving westward in the 

face of strong vertical wind shear (upwards of 40 kt from 850 mb to 200 mb). Most 

global models were forecasting the storm to weaken due to the significant shear, but the 

HWRF (Fig. 3.14b) and GFDL (Fig. 3.14c) models were forecasting Erika to become a 

Category 3 on the Saffir Simpson hurricane scale by the end of the first week in 

September; this model disagreement caused high uncertainty for Erika’s official track and 

intensity forecast, which is one of the reasons this case was selected for this study. 

 The HURNC system is initialized at 0000 UTC on 02 September 2009 with the 

control initial condition of GFS 0.5° data and also with the experimental IC created by 

merging the GFDL bogus vortex (BV) with the GFS background environment, as for Ike. 

At this time, Erika was classified as a tropical storm. Fig. 3.15 shows the sea level 

pressure and 10-meter wind speed at the initial time of each model run. The GFS IC 

barely displays a storm at all, with a not-quite-closed low pressure system with a 

minimum SLP of 1010 mb and <35 kt wind speeds (Fig. 3.15a).  

The BV IC consists of a very symmetric 1003 mb tropical cyclone with 65 kt 

wind speeds in the northeast quadrant of the storm (Fig. 3.15b), where higher wind 

speeds are due to the storm’s northward motion. The HURDAT Best Track data indicates 

that Erika had a central sea level pressure of 1004 mb at 0000 UTC 1 Sept 2009. As the 

satellite image in Fig. 3.14 illustrates, the low-level center of Erika was exposed to the 

west of Guadeloupe, but neither model initial condition captures this feature well. The 

BV IC does place a region of 25 kt winds to the west of the island chain and south of 

Puerto Rico, just 100 km west of where the real low-level center was located at the time, 
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but the model IC doesn’t have an area of lower pressure or any structure there that might 

indicate a disturbance. 

 A latitudinal cross-section of GFS tangential wind speed and potential 

temperature (Fig. 3.16a) is taken through the center of Erika, as indicated by the red line 

on Fig. 3.15a. This cross section shows a weak tropical cyclone structure, with maximum 

tangential wind speeds of 40 kt at the 950 mb level on the eastern side of the storm. The 

―eye,‖ or region of lighter winds which slopes eastward with height due to vertical 

environmental wind shear, has a pocket of light 5 kt tangential winds extending from 850 

mb up to 675 mb, and 10 kt winds throughout the rest of the ―eye‖ from the surface up to 

300 mb. There is a marked absence of a potential temperature maximum in this light-

wind region, except at the surface, where potential temperature reaches 300 K and values 

in the eyewall-like feature to the east of the TC center are 301 K; this general lack of a 

horizontal potential temperature gradient indicates that the storm is not structurally robust 

or well-defined, even though the tangential winds indicate a weak TC-like circulation.  

The latitudinal cross section through Erika’s BV initial condition (Fig. 3.16b), 

taken through the red line shown in Fig. 3.15b, displays a much different storm than the 

one seen in the GFS IC. There is a distinct, vertically oriented, narrow eye at the center of 

the bogus vortex, with strong tangential winds on each side, extending up to the 400 mb 

level. The eastern flank of BV Erika has dual tangential wind speed maxima of 60 kt at 

875 mb and 950 mb. As in the GFS IC, the western side of Erika is weaker than the 

eastern side, but, at 40 kt, the tangential winds in the western BV are twice as strong as 

those in the western half of the GFS TC. While the inner core shows horizontal 

asymmetry, the eye is not tilted, so the upper-level circulation is not offset from the low-
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level center at all. Potential temperature does reach a maximum inside Erika’s eye, 

particularly from 600 mb to 500 mb, where the potential temperature in the core is 3 K 

higher than the potential temperature in the eyewall.  

 Upon examination of latitudinal cross sections of the potential vorticity anomalies 

associated with Erika, the GFS IC shows a broad, low-level 1-PVU anomaly, with an 

upper level anomaly of 1.5 PVU offset to the east of the low-level center (Fig. 3.17a). 

These values are weaker than would be expected for a storm of Erika’s strength. The 

GFDL IC shows an artificial, symmetric PV tower that is almost perfectly vertically 

aligned (Fig. 3.17b). This is typical of the GFDL bogus vortex, and it does not display 

any asymmetries associated with Erika at the initial time, in either the TC’s inner or outer 

core. A 10-PVU maximum is located at approximately the 600 mb level in this BV tower, 

which is a typical artifact of the GFDL bogus vortex, consistent for all storms simulated 

in this study. 

 Taking a closer look at the potential vorticity at both low levels and upper levels 

in both the GFS and BV representation of Erika, Fig. 3.18 shows the 925 mb and 500 mb 

potential vorticity and heights for both model runs at the initial time. The low-level PV in 

the GFS IC is a weak and diffuse anomaly with a small 2 PVU maximum off-center (Fig. 

3.18a), while the BV IC shows a cohesive TC-type structure with a 3 PVU maximum in 

the center of a closed circulation and height minimum (Fig. 3.18b). The differences at 

500 mb are more striking; the 2 PVU GFS upper-level PV anomaly is in the same 

location as the observed deep convection that is off to the east (Fig. 3.18c), while the BV 

upper-level PV anomaly displays a symmetric circulation with a 4 PVU maximum in the 

east and south quadrants of the storm (Fig. 3.18d). The latter, overly strong mid-to-upper 
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level PV anomaly is a physical signature of the GFDL bogus vortex, and is also apparent 

in the upper levels of the PV cross section in Fig. 3.17b. The banded structure of the 500 

mb BV potential vorticity may be a result of artifacts created by the boundary between 

the GFDL bogus vortex field and GFS background field.  

 

3.2.2 Forecast Evolution 

As is the case with Ike, the differences between the GFS and the GFDL BV initial 

conditions are significant, but the way they evolve in the model forecast is of particular 

importance. Fig. 3.19 shows the sea level pressure versus time for the Best Track data, 

the GFS model run, and the GFDL BV model run. The GFS initializes Erika 

approximately 6 mb too weak, while the BV initializes the TC just 1 mb too strong. In 

both model runs, Erika experiences a rapid deepening as the storm spins up in the first 6 

hours of the forecast (11 mb for the GFS and 7 mb for the BV), while the real storm 

actually weakened gradually from 1004 to 1008 mb during this time. The actual Erika 

remained weak (1008 to 1009 mb) for the rest of the forecast period, struggling to 

maintain its organization in the face of strong vertical wind shear, and dissipating 52 

hours into the forecast period. The BV TC stays 2 to 3 mb weaker than the GFS TC from 

12 through 36 hours, but it maintains its structure and intensity longer than the GFS, 

which begins to dissipate at 36 hours.  

The tracks of the GFS (yellow) and BV (green) model simulations of Erika are 

compared with the Best Track data (red) in Fig. 3.20. A FORTRAN program is used to 

locate the grid point with the lowest sea level pressure for each forecast lead time, but 

due to Erika’s unconventional and disorganized structure, the SLP minima fluctuate often 
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throughout the model evolution of the TC; this leads to tracks that have an erratic 

appearance for both the GFS and BV forecasts. While it is difficult to compare the storm 

placement with such erratic tracks, it is clear that that Erika is slower-moving in the BV, 

where the storm retained a more coherent structure for a longer period of time. We 

speculate that the robust vortex, rather than decreased opportunity to interact with land, is 

responsible for the BV Erika staying alive the longest. The GFS and real TC, both of 

which dissipate earlier than the BV, are approximately 200 km to the west of the BV 

Erika when they die out. It is possible that land interaction, in addition to vertical wind 

shear, plays a role in the demise of the GFS TC, which ends up over Puerto Rico at the 

end of the forecast period. 

Fig. 3.21 shows the 24 hour forecasts of sea level pressure and simulated radar for 

each model run. By 0000 UTC 3 September 2009, when the 24-hour forecasts are valid, 

observations indicate that Erika had weakened to a central pressure of 1009 mb and a 

maximum wind speed of 35 kt according to Best Track data. Unfortunately, there is no 

available radar data with which to compare these simulated radar fields. In the GFS 

model run, Erika has a central sea level pressure of 1001 mb (Fig. 3.21a) and a maximum 

wind speed of 45 kt (not shown). The BV model run actually shows a slightly weaker 

Erika, with a 24-hour forecast sea level pressure of 1004 mb (Fig. 3.21b) and a maximum 

wind speed of 50 kt (not shown) in the northeast quadrant of the storm.  

While the GFS Erika is struggling to get organized, it shows the bulk of the deep 

convection in a nearly straight line extending from the TC center southward to just east of 

Guadeloupe (Fig. 3.21a). There is one spiral band with weak convective cells extending 

from the southern edge of GFS Erika west-southwestward across the island chain. The 
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convection in the 24 hour forecast of the BV model run takes more of a crescent shape 

(Fig. 3.21b), emanating from the center of Erika and curving outward on the eastern side 

of the TC. The absence of convection on the western flank of either the GFS or BV TCs 

is due to the considerable 40 kt 850-200 mb vertical wind shear, which is comparable in 

magnitude to the maximum tangential wind speeds in each storm simulation.  

 According to Best Track data, by 0000 UTC on 4 September, Erika had dissipated 

to a remnant low, losing its classification as a tropical storm or even tropical depression. 

In the 48-hour GFS forecast of sea level pressure and simulated radar, it appears that 

Erika is also dissipating, having been sheared apart and struggling to stay organized (Fig. 

3.22a). The lowest sea level pressure in this cluster of showers is 1002 mb, over the east 

coast of Puerto Rico, and the maximum wind speed is 40 kt. In the BV 48-hour forecast, 

Tropical Storm Erika still exists, although the storm has been badly sheared, showing the 

deep convection and showers offset from the low-level, fairly dry circulation 

approximately 200 miles to the east of Puerto Rico (Fig. 3.22b). One spiral band, 

containing numerous active convective cells, extends sharply westward from the 

remaining tropical cyclone. The central pressure in this storm is 1003 mb and the 

maximum wind speed is 60 kt in the area of main precipitation to the east of the TC 

center. The robust structure imparted by the GFDL bogus vortex appears to lend a certain 

persistence to the TC in this model run, which allows it to last longer as a tropical storm 

in spite of the strong vertical wind shear that tore apart the real Erika and that also 

destroys the structure of the GFS TC.  
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3.3 Hurricane Earl 

3.3.1 Initial Conditions 

 Hurricane Earl began as a tropical wave that traveled from the west coast of 

Africa across the tropical Atlantic Ocean during the last week of August 2010. This 

disturbance was named as it formed a closed circulation approximately 200 nautical miles 

west-southwest of the Cape Verde Islands on at 0600 UTC on 25 August. As Earl 

continued west-northwestward over the following 4 days, it gained strength until it was 

declared a hurricane at 1200 UTC 29 August as it was located 220 nautical miles east of 

the northern part of the Leeward Islands. Earl rapidly intensified until it became a 

Category 3 hurricane on August 30 at 1800 UTC, then began an eyewall replacement 

cycle, which caused the hurricane’s intensity to stay relatively constant as the outer wind 

maximum contracted to replace the previous inner eyewall. By 0000 UTC 1 September, 

Earl was a strong Category 3 hurricane located approximately 200 miles north of the 

Dominican Republic and 100 miles east of the Turks and Caicos Islands (Fig. 3.23) 

(Cangialosi 2011). 

 HURNC is initialized at 0000 UTC 1 September 2010 with the control initial 

condition of GFS 0.5° data as well as with the experimental BV initial condition. Earl’s 

analyzed sea level pressure and 10-meter wind speed at the initial time of each model run 

are shown in Fig. 3.24. The GFS IC displays a very symmetric pressure field with a 

minimum central SLP of 983 mb and a 10-m wind speed maximum of 90 kt in the 

northeast quadrant of the storm (Fig. 3.24a); as mentioned previously, it is expected that a 

northward moving TC would contain its strongest winds in the northeast quadrant of the 

storm due to the additive property of storm motion and storm-relative wind speeds. The 
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eye of the storm, where winds are light, is approximately 40 km in diameter from east to 

west and 50 km from north to south. 

 The BV IC is less symmetric in the SLP field, particularly along the southern 

flank of the storm and in the area surrounding Earl’s inner core (Fig. 3.24b). Earl’s bogus 

vortex has a minimum SLP of 949 mb and a maximum 10-m wind speed of 115 kt in the 

northwest quadrant of the TC. While the BV’s maximum winds are 25 kt greater than 

those of the GFS IC, another notable difference is evident in the shape of the wind field. 

The bogus vortex displays two secondary 10-m wind maxima in the eyewall: 110 kt in 

the northwest corner of the inner core and 105 kt in the south-southwest region of the 

inner core as well. Overall, the winds appear strong around most of Earl’s inner core in 

the BV IC, with the exception of a weaker patch in the southwest corner of the inner 

circulation, which could be due to the fact that storm-relative winds are opposite of storm 

motion in this region. The BV eye has a diameter of approximately 20 km, and is 

symmetric with light winds.  

 The HURDAT Best Track data estimates that Earl actually had a pressure of 940 

mb and a 10-m wind maximum of 110 kt at 0000 UTC 1 September 2010. Because of 

Earl’s position at sea, radar was not available for this time, but Fig. 3.25 shows a close-up 

of a Geostationary Earth Orbiting (GOES-13) infrared (IR) satellite image from 0015 

UTC 1 September. It is impossible to ascertain whether there was a clear eye at this time 

from an IR image, which is reading the cloud top temperatures from the TC, but there is a 

faint darker spot on the satellite image where the eye would be; this suggests that there 

may have been a clear eye beneath upper-level cirrus clouds associated with the 
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hurricane’s anticyclonic outflow. Convection within the inner core and possible spiral 

bands is also obscured beneath the outflow on the IR satellite image. 

 A latitudinal cross-section of tangential wind speed and potential temperature 

(Fig. 3.26a) is taken through the center of the GFS IC for Hurricane Earl, as indicated by 

the red line on Fig. 3.24a. This cross section shows a tangential wind speed maximum of 

120 kt in the eastern half of the TC, extending from 900 mb up to 800 mb. The western 

half of the TC contains a 105 kt wind speed maximum from 900 mb to 840 mb. The cross 

section shows an eye with a narrow swath of lighter 20 kt tangential winds at the surface 

in the center of the storm and 25 kt winds from 950 mb up to 775 mb; from the 775 mb 

level up to the 400 mb level, winds steadily decrease from 25 kt to 5 kt in the center of 

the storm, while the eye becomes wider with height, tripling in width to approximately 

120 km in diameter by the time it reaches 400 mb. The potential temperature in the GFS 

IC has a strong maximum inside the eye. At 900 mb, potential temperature inside the eye 

is 306 K, while it is 303 K in the western portion of the eyewall. Throughout the mid-

levels, potential temperature inside the eye is 6 to 9 K higher than it is in the eyewall. 

 The latitudinal cross section through Ike’s BV initial condition (Fig. 3.26b), taken 

through the red line shown in Fig. 3.24b, displays a different structure than that of the 

GFS IC. The BV eye is almost perfectly symmetric and vertical. In additional, while the 

inner core is approximately the same width as that in the GFS IC, the area of maximum 

winds is more horizontally compact but has greater vertical extent; for example, on the 

eastern side of the BV, 75 kt winds are present at 250 mb, unlike in the GFS IC, where 75 

kt winds are found no higher than 425 mb. The maximum tangential wind speeds on the 

east side of the BV TC are 125 kt from 900 mb up to 725 mb, while the maximum winds 
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on the west side of the storm reach 110 kt in the same layer. Winds in the BV eye 10 to 

15 kt throughout the entire length of the column. The warm core is evident throughout the 

length of the eye, with a potential temperature maximum in the center of the storm; 

however, this temperature gradient is most pronounced from the 550 mb level to the 300 

mb level, throughout which potential temperature in the eye is 9 K higher than it is in the 

eyewall. 

  The cross section through the GFS IC of potential vorticity (Fig. 3.27a) shows a 

tall potential vorticity tower in the core of Earl, stretching from the surface all the way up 

to the 200 mb level. There is a 14 PVU maximum at 675 mb and a secondary maximum 

of 12 PVU at 850 mb. The PV distribution does have some asymmetry along its vertical 

axis, with the tower slightly skewed toward the eastern half of Earl. As discussed, the 

GFS data used to initialize this storm cannot resolve spiral bands, so there are no band-

like features evident in this analysis.  

The BV IC (Fig. 3.27b), by contrast, is an extremely symmetric and strong 

potential vorticity tower reaching up to only 250 mb, where it abruptly ends. This 

artificial vortex has a lower-tropospheric PV maximum at 925 mb of 18 PVU and a 

stronger maximum of 32 PVU at the 500 mb level. There are some potential vorticity 

asymmetries outside of the inner core, which appear to be spiral bands; these are most 

likely the asymmetries that are inserted into the GFDL bogus vortex from the 12-hour 

forecast of the previous GFDL hurricane model cycle. At 1/12° grid spacing, this analysis 

is just detailed enough to begin resolving these outer core features. The maximum PV in 

these ―bands‖ is 6 PVU, occurring at the 400 and 500 mb levels on the eastern and 
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western sides of the storm, respectively; PV in spiral bands at such high levels may 

indicate that convection is reaching deep into the atmosphere in these regions. 

 In order to further examine the potential vorticity at both low levels and upper 

levels in the GFS and BV representations of Earl, Fig. 3.28 shows the plan-view 925 mb 

and 500 mb potential vorticity and heights for both model runs at the initial time. The 

low-level PV in the GFS IC (Fig. 3.28a) is a weak, asymmetric anomaly with a central 

maximum of 6 PVU inside the closed 56 dam height contour. By contrast, the BV IC 

(Fig. 3.28b) has a smaller, more concentrated, and more symmetric 10 PVU maximum at 

925 mb, nearly double the strength of the GFS IC. In addition, the height at this level in 

the BV is less than 24 dam, which is approximately half of the height of the GFS core at 

this level (< 56 dam). Two very faint PV artifacts are visible to the south and to the 

northwest of Earl’s inner core; these may be the bases of those spiral band-like artifacts 

that are included in the GFDL bogus vortex, as seen in Fig. 3.27b. 

 The 500 mb potential vorticity plots for both initial conditions show even more 

distinct scenarios than do the low-level PV fields. The GFS displays a 12 PVU potential 

vorticity maximum concentrated to the northwest of a local height maximum of just over 

580 dam and to the southeast of the height minimum (just under 572 dam) at 500 mb 

(Fig. 3.28c). This PV field is asymmetric, and reaches it strongest point north and west of 

the low-level center, indicating that the eye has tilted slightly with height. The 500 mb 

potential vorticity for the BV IC (Fig. 3.28d) is much stronger at 30 PVU; this PV 

maximum and the height minimum of less than 548 dam are both directly centered over 

the sea level pressure minimum, indicating that there is no tilt of the inner core with 

height. The PV artifacts that are visible outside of the inner core in the PV cross section 
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(Fig. 3.27b) appear here as a ring of 4 PVU potential vorticity surrounding the inner core, 

with smaller embedded regions of 6 PVU and one region of 8 PVU to the north-

northwest of the core. Again, these are probably artifacts created by the boundary 

between the GFDL bogus vortex field and GFS background field 

 

3.3.2 Forecast Evolution 

 The GFS and BV initial conditions of Hurricane Earl are extremely different both 

in structure and intensity, so an examination of the forecast is performed to see how these 

ICs evolve within the model as compared with the Best Track data. A summary of 

minimum central sea level pressure versus time for the Best Track data, the GFS model 

run, and the BV model run is shown in Fig. 3.29. The GFS initializes with a 43 mb SLP 

error, while the GFDL has an error of only 9 mb at the initial time. Hurricane Earl began 

the forecast period at 940 mb and weakened slightly over the first 18 hours, during which 

time the BV exhibits the same behavior, hovering around 951 mb; in contrast, the GFS 

Earl deepens rapidly as the model spins up, falling over 20 mb in the first 6 hours and 

then weakening slightly until 24 hours.  

At 18 hours into the forecast period, the Best Track data estimates that Earl 

intensified rapidly to 927 mb in the next 12 hours. This was most likely due to a decrease 

in vertical wind shear, which allowed the hurricane to gain organization over warm 

waters (Cangialosi 2011). From 18 to 30 hours, the BV weakens slightly, while the GFS 

intensifies to 956 mb. After 30 hours, the real TC weakened rapidly, as Earl began its 

second concentric eyewall replacement cycle, entered an area of increased south-

southwesterly vertical wind shear, cooler waters, and a dryer ambient environment 
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(Cangialosi 2011). By contrast, the GFS and BV Earl intensify slowly during this time, 

until all three SLP values converge at approximately 948 mb, 45 hours into the forecast.  

At the 48 hour lead time, the Best Track data indicates more weakening for 

Hurricane Earl, followed by a period of steady intensity at 960 mb from 60 to 84 hours as 

the hurricane traveled up the eastern seaboard. Earl finally weakened before making 

landfall in Nova Scotia. The intensity of the GFS Earl remains steady at 947 mb from 48 

to 65 hours, while the BV storm intensifies to 939 mb. Both models keep Earl too intense 

for the rest of the forecast period as the storm travels northward along the east coast of 

the U.S; at 72 hours, Earl was 961 mb, but the GFS simulates a 949 mb TC and the BV 

further intensifies Earl, producing a 940 mb storm. However, the BV weakens faster than 

the GFS from 72 to 90 hours, matching up with the Earl in the weaker GFS model for the 

last 6 hours of the forecast period. Fig. 3.30 shows the tracks of both model runs as well 

as that of the Best Track data for Earl; despite significant differences in storm structure, 

intensity, and size, all storms take a very similar track north-northwestward toward the 

coast of North Carolina, then re-curve to the north-northeast for the remainder of the 

forecast period. 

 Fig. 3.31a shows the GFS 24-hour forecast of sea level pressure and simulated 

radar for Earl, valid at 0000 UTC 2 September 2010. The eye of the storm is almost 100 

km in diameter, and intense convection surrounds the eye in the western and southern 

portion of the inner core. Five spiral bands containing convective cells surround the 

storm, and a large area of stratiform rain associated with several of these bands extends 

from the northwest edge of the storm to 30 degrees latitude.  
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The BV forecast of the same fields is shown in Fig. 3.31b; here, the eye is slightly 

smaller, at 80 km in diameter, and convection is distributed more symmetrically around 

this TC than it is in the GFS forecast. The inner core of the BV TC has an area of 

particularly strong convection on its west, north, and northwest flanks. Only 2 cohesive 

spiral bands appear at this time; one extends from the northwest edge of the storm and 

wraps all the way around the TC, while the other emanates from the east side of the TC 

and reaches down to just below the southern tip of Earl’s circulation. There is a swath of 

stratiform rain extending from the northwest portion of the TC, but it is laterally smaller 

and reaches farther north to almost 35 degrees latitude. 

 Once again, it is difficult to evaluate simulated radar when actual radar is not 

available for this forecast time, however the GOES IR satellite image is shown in Fig. 

3.32 for 0015 UTC 2 September. A clear eye is visible on this image; however, the eye of 

the real hurricane was only 25 km in diameter at this time, which is approximately 75% 

smaller than the eye of the GFS forecast and 30% smaller than that of the BV. It is 

difficult to discern spiral bands on an infrared satellite image, because of outflow higher 

up in the atmosphere, so it would be purely speculative to evaluate how well each of the 

models did with forecasting outer core asymmetries at 24 hours. 

 Fig. 3.33a shows the 48 hour forecast of sea level pressure and simulated radar for 

GFS Hurricane Earl, valid at 0000 UTC 3 September 2010. At this time, the storm’s outer 

bands are brushing the coast of North Carolina as Earl begins to re-curve along the 

coastline. The eye is still 100 km in diameter, and the inner core displays strong 

convection from the southwest corner wrapping around to the northeast corner of the 

eyewall. Two spiral bands with embedded convective cells remain; one emanates from 
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the eastern side of the storm and wraps 180 degrees around to the west side. The other 

convective band extends from the southeast corner of the inner core and into the swath of 

stratiform rain interacting with the coastline; the convective portion of this same band 

wraps all the way around the TC and dips southward, re-curving toward the Atlantic 

coast of Florida at its southernmost tip. The remnants of a third band, which has moved 

inland in North Carolina, extend northward just inside the coastline, then travels eastward 

out into the ocean from where the band reaches the border between North Carolina and 

Virginia. 

 The 48-hour forecast of the BV Earl (Fig. 3.33b) is much more symmetric than 

that of the GFS. The inner core displays intense convection almost all the way around the 

eyewall, and the clear eye still has a diameter of approximately 80 km at its widest point. 

There are two convective spiral bands that wrap around the storm, but they hug the inner 

core more closely than do the bands in the GFS forecast. One band extends from the west 

side of the inner core all the way around the storm to the southern tip, while the other 

band emanates from the southeastern corner and wraps around to the western edge of the 

TC. The stratiform rain on the northwest edge of the TC over the eastern edge of North 

Carolina reaches to the border between North Carolina and Virginia, unlike the analogous 

stratiform region in the GFS forecast, which extends into Northern Virginia. 

 Fig. 3.34 displays the NEXRAD 2 km radar mosaic of Earl at 0000 UTC 3 

September; this image is zoomed in closer to the storm than are the model simulated 

radar images, so they are not on the same scale. While the entire storm is not within range 

of the coastal radar stations, the majority of the west, northwest, and central part of the 

storm is captured. The eye has a diameter of approximately 100 km (as in the GFS 
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forecast) and the center is mostly clear, with one rain band extending into the middle of 

the eye. The inner core of Earl has heavy, banded convection along the northern half of 

its eyewall, as well as a smaller band on the southern edge of the eyewall.  

Neither model simulates this pattern exactly, but the GFS inner core is a closer 

approximation to the radar image, because the convection does not wrap all the way 

around the model TC’s core as it does in the BV forecast. The large swath of heavy rain 

in the northwest portion of Earl (just off the coast of North Carolina) is more convective 

than is the analogous region of precipitation in the northwest portion of the GFS 

simulated radar; however, aside from this intensity difference, the GFS forecast looks 

remarkably similar to the NEXRAD image in this region as well. Overall, the GFS 

simulated a more realistic Earl than did the BV, showing an eye of the right size, as well 

as inner and outer cores with realistic structures. 

 

3.4 Summary: GFS vs. GFDL Bogus Vortex 

 While the bogus vortex does improve the intensity of the initial condition, it is 

clear that it does not always improve the forecast, especially at longer lead-times. The 

symmetric and vertically robust artificial structure of the BV does not behave in the same 

way as a real tropical cyclone would as the TC evolves in the model; the BV has a 

vertically-oriented, strong potential vorticity tower, with a very intense upper-level PV 

maximum, which persists as a storm feature long after the initial time. This high-level PV 

maximum is not found in the GFS initial condition. We speculate that this strong 

potential vorticity anomaly provides the storm with a rigid and tall central structure that is 

resistant to moderate vertical wind shear. Vortex resiliency may be one of the main 
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reasons that the bogus vortex is not an optimal solution for improving the initial condition 

of tropical cyclone models (Reasor et al. 2004; Mallen et al. 2005). An additional 

approach will be necessary to create a tropical cyclone initial condition that will improve 

forecast skill for intensity in the HURNC model. This work will be presented in the 

following Chapter.  
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4. A New Approach: Data Assimilation 

 As discussed in Chapter 3, the GFDL bogus vortex initial condition does not 

provide adequate improvement in the operational forecasts of tropical cyclone intensity in 

this study, contrary to original expectations. Both the GFS and BV initial conditions 

struggle to simulate the correct intensity for Hurricane Earl, particularly at shorter lead-

times, when the forecast should be most reliable. An alternative solution is proposed, 

whereby an initial condition is created for HURNC using a hybrid 3DVAR/EnkF data 

assimilation system, designed by Dr. Brian Etherton in partnership with the Renaissance 

Computing Institute. This hybrid initial condition, the formulation of which is described 

in Section 2.2.3, draws its background error covariance matrix from both the flow-

dependent ensemble spread of a 6-hour HURNC 24-member physics ensemble and the 

standard 3DVAR time-invariant error statistics. The EnKF and 3DVAR error statistics 

are weighted equally within the DA cost function and the ensemble mean 6-hour forecast 

is used as a first guess analysis for data assimilation.  

The initial hybrid DA fields are interpolated onto a 27-km grid, just as in the GFS 

HURNC IC, so the effective resolution of the GFS and hybrid DA ICs is the same. Fields 

from the 27-km grid are interpolated onto the 9- and 3-km inner nests at the initial time, 

before the model begins its integration; because of this, the model analyses in the moving 

nests have a coarser resolution than do the forecasts on these same inner grids. The 

innermost grid uses explicit convection as it follows the vortex, tracking the low-pressure 

center at the 850 mb level. 

When used in an operational setting, data assimilation is usually implemented in 

cycling mode, whereby a cycle of short forecasts is run every one, three or six hours; 
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these short forecasts are used to adjust the vortex to match the observed hurricane’s 

location and intensity throughout the model run (e.g. Szunyogh et al. 2007; Torn et al. 

2009, and others). Cycling is not used in this study, because these experiments are simply 

a preliminary investigation to see how using a hybrid data assimilation system can 

improve the initial condition for HURNC, and an IC generated in this way will behave as 

it is integrated through the model. Because of this limitation, we do not expect to realize 

the full benefits of the data assimilation technique. 

 The hybrid initial condition is implemented for Hurricane Earl; this case is chosen 

due to the large intensity errors exhibited by both the GFS and BV initial conditions at 

both long and short forecast lead times, as described in Section 3.3.2 and shown in Fig. 

3.29. Two experimental HURNC model runs are initialized for Hurricane Earl with the 

hybrid 3DVAR/EnKF DA initial condition at 0000 UTC September 1 2010; the first uses 

the hybrid DA IC as-is (hereafter referred to as HDA), and the second includes three Air 

Force aircraft reconnaissance environmental dropsondes to the west of Earl (hereafter 

referred to as HDA-OBS), the details of which are described in Section 2.2.3 and the 

locations of which are shown in Fig. 2.1. Unfortunately, dropsonde data from within the 

hurricane was not available inside the 3DVAR data assimilation time window from 2300 

UTC 31 August to 0100 UTC 1 September during Earl’s development.  

  

 

4.1 Hurricane Earl Initial Conditions 

 The evolution of Hurricane Earl from the time it departed Africa as an easterly 

wave is discussed in Section 3.3.1; at 0000 UTC 1 September 2010, when the HDA and 
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HDA-OBS experimental HURNC model runs are initialized, Earl was a strong Category 

3 hurricane located 200 miles north of the Dominican Republic and 100 miles east of the 

Turks and Caicos Islands (Fig. 3.23) (Cangialosi 2011). Fig. 4.1 displays the sea level 

pressure and 10-meter wind speed at the initial time for each of the HDA, and HDA-OBS 

analyses. Earl’s minimum analyzed HDA SLP in Fig. 4.1a is 966 mb, and the TC is 

horizontally asymmetric; the region of generally strong pressure gradient force is more 

extensive to the north of the system than to the south. A small eye with light winds (<15 

km), is evident at the center of the storm.  

The 10-m wind in the HDA IC displays a broad region of maximum velocity in 

the west, north, and east eyewall; there is a wind speed maximum of 85 kt in the 

northwest quadrant of the storm. Because Earl is moving northward, the region of 

maximum winds would be expected in the eastern portion of the storm, where storm-

relative motion is in the same direction as the TC’s motion, so this is a surprising 

distribution of winds in the HURNC ensemble mean. The wind fields looks this way 

because it is an average of the 24 ensemble members, each of which has a storm-relative 

wind maximum a slightly different location and has storm motion in a slightly different 

direction. The HRD HWND analysis (described in Section 2.3) for 0130 UTC 1 

September 2010 is shown in Fig. 4.2; this wind field supports the expected physical 

distribution of TC winds, showing the most powerful, 90+ kt winds in the east-northeast 

portion of Earl’s inner core. While this is a compilation of multiple data sources and not a 

purely observational analysis, it is useful to evaluate the HDA and HDA-OBS IC 10-m 

wind fields. 
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 The HDA-OBS IC, displayed in Fig. 4.1b has a similarly shaped SLP field 

to that of the HDA IC, but a slightly higher central pressure minimum of 968 mb. It is 

interesting that the HDA-OBS IC is 2 mb weaker than the HDA IC, because part of the 

hypothesis of this study is that dropsondes would add information to the initial condition 

that would bring the analyzed TC closer to the intensity and structure of the Earl that 

existed in nature, which was 940 mb. However, these assimilated data are from 

environmental dropsondes, rather than from sondes launched within the storm, which 

were not available for this time of initialization. Perhaps dropsondes from the inner TC 

would be more effective at adjusting TC intensity toward observed values, rather than 

toward the pressure of its surrounding environment as appears to have happened here.  

The eye in the HDA-OBS IC is larger, with a radius of 20 km, and winds inside 

this feature are also light, or less than 15 kt. The 10-m wind field looks very different 

from the same field in the HDA IC. The HDA-OBS IC displays a broad wind maximum 

that is almost completely confined to the northeast quadrant of the storm, similar to that 

of the HWND analysis in Fig. 4.2. The 85 kt wind maximum covers that entire quadrant 

of the HDA-OBS inner core, in contrast with the extremely small (~10 km in diameter) 

85 kt wind maximum in the northwest quadrant of the HDA IC (Fig. 4.1a). The 

horizontal distribution of winds is more realistic in the HDA-OBS TC, placing the 10-m 

wind maximum in the northeast quadrant; this more accurate wind distribution is 

probably due to the assimilated wind speed and direction throughout the vertical profile 

of the atmosphere on the west side of the storm. 

 As discussed in Section 3.3.1, the HURDAT Best Track data estimates that Earl 

had a pressure of 940 mb and a 10-m wind maximum of 110 kt at 0000 UTC 1 September 
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2010. The initial SLP minima in the HDA (966 mb) and HDA-OBS (968 mb) ICs are 

weaker than the observed value (940 mb) and the GFDL IC (949 mb), but stronger than 

the GFS IC (983 mb). The winds in the hybrid DA initial conditions are also weaker than 

observed, but the HDA-OBS IC has a more realistic wind maximum location and larger 

swath of intense winds in the northeast quadrant of the storm.  

 A latitudinal cross-section of tangential wind speed and potential temperature 

(Fig. 4.3a) is taken through the center of the HDA IC for Hurricane Earl, as indicated by 

the red line on Fig. 4.1a. This cross section shows a dual tangential wind speed maximum 

of 100 kt at both the 900 mb and 700 mb levels on the east side of the storm. The west 

side of the storm contains a 105 kt wind maximum extending from 900 mb to 800 mb; 

this demonstrates that the unexpected wind maximum on the west side of the storm is not 

just a near-surface feature. There is a narrow eye that expands gradually with height and 

measures approximately 30 km in diameter at mid- to high-levels; tangential wind speeds 

near the surface reach a minimum of 10 kt in the eye, while the wind is nearly calm (<5 

kt) from 800 mb to 625 mb inside the eye. Potential temperature reaches a maximum 

inside the eye, which slopes slightly eastward with height, much like the eye and eyewall 

on the east side of the storm. Earl’s eye in the HDA model run is 2 to 3 K warmer than 

the eyewall throughout the vertical extent of the TC. 

 The latitudinal cross section through Earl’s HDA-OBS initial condition (Fig. 

4.3b), taken through the red line shown in Fig. 4.1b, displays a similar structure to that of 

the HDA IC, but with several differences due to the dropsondes that are assimilated. The 

tangential wind speed maximum on the east side of the eye reaches 105 kt between the 

775 mb and 700 mb levels, which is 5 kt stronger than that of the HDA IC in the same 
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region. The HDA-OBS wind speed maximum on the west side of the eye is only 95 kt 

between 875 mb and 750 mb, as compared with the larger 105 kt maximum in the same 

region of the HDA IC. The HDA-OBS eye is more vertically symmetric than the initial 

condition without dropsondes; there are stronger 20 kt winds at the surface, which 

decrease to nearly calm 5 kt winds in the 700 to 550 mb layer. Potential temperature 

gradients throughout the vertical structure of the HDA-OBS IC inner core are similar in 

magnitude to those in the HDA IC; the eye is 2 to 3 K warmer than the eyewall from the 

surface up to 300 mb (Fig. 4.3b). 

 The cross section through the HDA IC of potential vorticity (Fig. 4.4a) shows a 

horizontally broad and asymmetric tower of PV extending from the surface all the way up 

to 200 mb. The tower has a compact PV maximum of 18 PVU offset to the west of center 

between 900 and 800 mb. At mid-levels, from approximately 700 mb to 500 mb, values 

range from 10 to 12 PVU; these PV anomalies are only slightly weaker (1 to 2 PVU) than 

those in the GFS IC (Fig. 3.25) at mid-levels. The HDA-OBS potential vorticity cross 

section in Fig. 4.4b is similar in overall shape and symmetry to the HDA IC, but the low-

level vorticity maximum is 2 PVU stronger than the initial condition that is generated 

without dropsondes. The HDA-OBS IC has a maximum of 20 PVU at 850 mb, rather 

than 18 PVU, and there are 2 smaller PV maxima in the eastern eyewall of 16 PVU 

between 850 and 775 mb rather than 14 PVU in the HDA IC.  

Given that the HDA and HDA-OBS PV towers are so similar in structure, it is 

expected that both of these model forecasts will evolve in a similar manner as they 

interact with the model ambient environment. The HDA-OBS PV tower does have 

slightly larger (+2 PVU) anomalies at midlevels, due to the assimilated dropsonde data, 
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so this TC could be more resilient and longer-lived in unfavorable conditions for TC 

development, such as vertical wind shear (Reasor et al. 2004; Mallen et al. 2005). 

However, this is not the case at the time these models are initialized; 850-200 mb wind 

shear in the region surrounding earl at 0000 UTC 1 September does not exceed 35 kt and 

shear over the storm’s evolution does not exceed 40 kt (not shown). 

 

4.2 Hurricane Earl Forecast Evolution 

 As Fig. 4.5 shows, the HDA and HDA-OBS initialize with significantly less SLP 

error (26 mb and 28 mb respectively) than the GFS IC (43 mb), but with approximately 

three times the error of the BV IC (9 mb). Surprisingly, the hybrid DA initial conditions 

do not improve the HURNC forecast for Earl’s intensity relative to the GFS at shorter 

lead times; perhaps the result would be better if the model had been running in cycling 

mode for several forecast iterations leading up to this initialization. Beginning at the 6 

hour forecast time, both HDA and HDA-OBS briefly weaken Earl and then gradually 

intensify the TC until it reaches the same value as the Best Track estimated SLP at 60 

hours (Fig. 4.5). HDA forecasts the central SLP at 18 hours to be 970 mb and gradually 

weakens Earl until the intensity reaches 962 at 60 hours, while the Best Track data 

estimates that Earl’s actual intensity was 959 mb at this time. HDA-OBS weakens Earl to 

975 mb by 12 hours into the forecast, then gradually intensifies the storm until the 

hurricane has a central pressure of 958 mb, only 1 mb less than the Best Track data. From 

60 hours until 84 hours into the forecast, the HDA and HDA-OBS model runs actually 

overestimate the intensity of Earl by 5 to 10 mb, before finally matching up with the GFS 

and BV modeled SLP for the remainder of the forecast period. 
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The RMSE (described in Section 2.3) for the HDA and HDA-OBS model runs 

over the 96-hour forecast period are 20.2 mb and 23.6 mb, respectively, while the GFS 

and BV RMSEs for the same period are 18.7 mb and 14.2 mb, respectively. Neither the 

HDA nor HDA-OBS shows improvement in intensity forecast skill over the GFS, and all 

three of these models are out-performed by the BV IC, which has the lowest RMSE at 

14.2 mb. When the RMSE is computed separately for shorter (0 to 36 hours) lead times, 

the relative skill scores remain unchanged. However, for longer (42 to 96 hours) lead 

times, the HDA does out-perform the GFS, with the former having an RMSE of 8.2 as 

compared with the latter’s RMSE of 9.3. The HDA-OBS (10.3 mb) and GFDL (13.6 mb) 

models do not show greater skill than does the GFS at longer lead times. It is an 

unexpected result that the HDA had more skill for the SLP forecast than did the model 

run that contained assimilated dropsonde data the initial time. The more realistic wind 

distribution in the HDA-OBS initial condition seems not to have translated into a more 

realistic forecast evolution for Earl in this model.  

Fig. 4.6 shows the track of all experimental model runs for Earl as well as that of 

the Best Track data; as is the case with Ike, despite significant differences in storm 

structure, intensity, and size, all storms take a very similar track. GFS, BV, HDA, HDA-

OBS, and the Best Track data all indicate that Earl took a north-northwestward track 

toward the eastern tip of North Carolina, before re-curving up the eastern seaboard 

toward Nova Scotia.  

 Fig. 4.7a shows the HDA 24-hour forecast of sea level pressure and simulated 

radar for Earl, valid at 0000 UTC 2 September 2010. The eye of the TC is approximately 

80 km in diameter, which is closer in size to that of the BV (Fig. 3.31b) at this time rather 
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than to that of the GFS (Fig. 3.31a). The forecasted precipitation structure of the HDA 

Earl is similar to that of the GFS, with the most intense portion of the inner core located 

in the southern, western, and northwestern portions of the eyewall. The TC in the HDA 

simulation has more intense convection in its spiral bands than does the GFS, especially 

in the eastern half of the outer core structure; yet, the SLP of the HDA TC is 5 mb weaker 

than that of the GFS. The swath of stratiform rain extending from the northwest corner of 

Earl in the HDA forecast also extends further north, to approximately 34 degrees latitude, 

than does the analogous region of precipitation in the GFS 24 hour forecast. 

 The 24 hour forecast of SLP and simulated radar for HDA-OBS in Fig. 4.7b 

displays a very different, and weaker (by 6 mb), storm than does the TC in the HDA 

model run in Fig. 4.7a. The HDA-OBS forecast of Earl has less precipitation, both in the 

inner and outer core of Earl; the southwest eyewall is nearly completely eroded and spiral 

bands on the east side of the storm, while similar in precipitation intensity to those found 

in the HDA forecast, have a lateral extent of 300 km less than those in HDA. The HDA-

OBS eye is approximately 10 km smaller in diameter than the HDA eye, and is more 

symmetric than the latter as well. As observed in the GOES IR satellite image of Earl at 

0015 UTC 2 September (Fig. 3.32), the eye of Earl was actually only 25 km at this time, 

so the HDA and HDA-OBS overestimate the diameter of the eye by 55 km and 45 km, 

respectively, although the HDA-OBS is 10 km closer to the real value than is the HDA. 

Again, it would be speculative to evaluate the accuracy of spiral bands on simulated radar 

using an IR satellite image, so no statements can be made about the accuracy of 

forecasted storm structure in that respect.  
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 Fig. 4.8a displays the 48 hour forecast of SLP and simulated radar for HDA Earl, 

which is 11 mb weaker than the GFS forecast for the same time; this intensity difference 

is due to the fact that the GFS storm is a more horizontally compact TC (Fig. 3.33a) and 

is not interacting with the east coast of North Carolina to the same degree as is HDA Earl 

(Fig. 4.8a). The air over land is drier than that over the ocean (not shown), and this land-

based air is getting entrained into the storm, which causes weakening; land also 

introduces increased surface friction, which leads to increased vertical wind shear (not 

shown) in the northwest quadrant of the TC. The HDA TC has an eye that is 90 km in 

diameter, with strong convection throughout the northern half of the eyewall’s perimeter 

and a weaker region of precipitation in the southern half of the inner core. The HDA Earl 

has more asymmetry in the pressure and precipitation fields than does the GFS, and it 

maintains a larger region of precipitation to its northwest, with rain reaching farther 

inland in eastern North Carolina. Two spiral bands extend from the eastern portion of the 

HDA TC and wrap around toward the western flank (Fig. 4.8a). 

 The 48 hour forecast of HDA-OBS SLP and simulated radar (Fig. 4.8b) is weaker 

and even more distinct from the HDA storm than is the 24 hour forecast.  The diameter of 

the eye of HDA-OBS Earl is only 65 km, as compared with the HDA eye of 90 km. The 

precipitation field is greatly reduced, with rain remaining mainly in the inner core, and in 

a smaller stratiform region to the northwest of the storm, which is just brushing the outer 

edge of North Carolina. The strongest rain is found in the northwest quadrant of the 

eyewall, and one faint remnant of a spiral band is still visible extending from the east side 

of the TC.  
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Despite having similar intensities at this time, both the HDA (958 mb) and HDA-

OBS (962 mb) TCs have very distinct structures; the latter storm has been more eroded 

around its outer edges, especially on the southern flank; also, the HDA-OBS inland 

impacts are less threatening, due to a smaller precipitation and wind field. The structure 

of the HDA Earl’s precipitation field is closer to that of the actual radar mosaic at 0000 

UTC 3 September (Fig. 3.34), both in the region of intense precipitation in eyewall and 

along the coast of North Carolina. The observed eye of Earl had a diameter of 

approximately 100 km at this time, which is similar in size to the HDA 90 km eye and 

larger than the HDA-OBS 65 km eye. 

 

4.3 Summary: Hybrid DA vs. Hybrid DA with Dropsondes 

 

The HDA and HDA-OBS initial conditions for Hurricane Earl give a closer 

approximation of TC intensity than does the GFS IC without data assimilation, but this 

improvement is short-lived, as the GFS IC spins up rather quickly into a hurricane while 

the HDA and HDA-OBS model runs are slow to develop. Unfortunately, the hybrid DA 

ICs result in large intensity errors at early lead times, where the need for forecast skill 

improvement is greatest in general. For this case study, the GFDL bogus vortex actually 

provides the most forecast improvement at early lead times (up to 36 hours), with an 

RMSE of SLP of 15.0 mb, as compared to higher SLP RMSE in the GFS (27.1 mb), 

HDA (29.8 mb) and HDA-OBS (34.6 mb). However, even this BV intensity forecast 

improvement is less than ideal, as the model fails to simulate a period of rapid 

intensification during Earl’s development on 2 September 2010. 
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This is just one storm and one set of model runs for a single time during the 

storm’s evolution, so broad conclusions about the effectiveness of the hybrid DA initial 

condition cannot be drawn based solely on the results shown here. However, the lack of 

intensity forecast improvement at short lead times does run counter to the major 

hypothesis that an initial condition generated with a hybrid 3DVAR/EnKF data 

assimilation system would outperform both the GFS and BV ICs. Given that this is just 

one model run and cycling was not used here, this is an area for exploration for future 

improvement. A full discussion of these and other implications of the hybrid DA and BV 

initial condition experiments conducted in this study will be given in the next Chapter.   
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5. Discussion, Conclusions, and Future Work 

5.1 Discussion 

5.1.1 Overview 

 Accurate dynamical forecasts of tropical cyclones are critically important for the 

prediction of hurricane track and intensity, particularly at times when TCs are threatening 

to make landfall in populated areas. Over the last two decades, advancements in both 

conceptual understanding and computing technology have led to increased skill in TC 

track forecasts (Fig. 1.1); on the contrary, intensity forecast skill has seen little 

improvement over the same time period (Fig. 1.2) (Rogers et al. 2006). One of the 

challenges to producing a skillful forecast of TC intensity in a dynamical numerical 

weather prediction (NWP) model is providing the model with a quality initial condition 

(Liu et al. 2000; Hsiao et al. 2010). Due to a lack of available observations over the 

oceans, where TCs develop and evolve, data used to initialize NWP models are often too 

coarse to correctly represent a tropical cyclone (Zou et al. 2010). In particular, the GFS 

0.5° data, which is used to initialize HURNC WRF simulations in this study, yields 

analyzed tropical cyclones with ill-defined vertical structure (Reeder at al. 1991) and 

underestimated TC intensity (Kurihara et al. 1993). 

The goal of this study is to provide the HURNC model with an improved TC 

initial condition, which could lead to improved forecast skill overall, and particularly 

with TC intensity. For the past three hurricane seasons, HURNC has been run 

operationally in a joint effort by NCSU and RENCI. Forecasts have shown surprising 

accuracy despite large intensity errors in the model initial condition (IC), especially when 

a mature or intense TC is being initialized; however, there is still a need for 
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improvement, particularly at shorter lead times when the TC is still spinning up. This 

study tests the sensitivity of HURNC simulations of Hurricane Ike, Tropical Storm Erika, 

and Hurricane Earl to different types of operationally feasible initial conditions as 

compared to results using the original HURNC IC, which is initialized using only the 

unmodified GFS 0.5° data. 

 

5.1.2 Experimental Design 

Hurricane Ike, Tropical Storm Erika, and Hurricane Earl are each initialized in the 

HURNC model using an experimental bogus vortex (BV) IC that consists of the GFDL 

BV ―stitched‖ into the GFS boundaries (Hart 2008). HURNC is a version of WRF-ARW 

that is optimized for TC prediction as described in Section 2.1. It has a parent domain 

with 27-km grid spacing and 2 inner, vortex-following moving nested grids with 9- and 

3-km grid spacing. Model results for the innermost grid, which uses explicit convection, 

are discussed in this study. An analysis of the BV IC, and of the way in which it evolves 

within the model, is performed for all three storms. The HURDAT Best Track data, along 

with IR satellite images and available radar data are used to evaluate model performance. 

Additional experiments are conducted for Hurricane Earl in order to test the 

sensitivity of HURNC to an IC created using a hybrid 3DVAR/EnKF data assimilation 

system, developed by Dr. Brian Etherton at RENCI. Both the GFDL bogus vortex and 

hybrid 3DVAR/EnKF DA initial conditions have been shown to improve forecasts over 

standard analyses in various studies (e.g. Bender et al. 1993; Chen et al. 2007; Agnihotri 

et al. 2008; Wang et al. 2008; Torn and Hakim 2009; Xiao et al. 2009; Wu et al. 2010 and 

others).  
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Despite both the GFDL and hybrid DA ICs having shown promise in the 

aforementioned studies, these two types of ICs have significant differences that cause 

them to evolve differently within the same model. The GFDL bogus vortex is an artificial 

TC, specified using the observed location and intensity of the actual TC as estimated by 

the National Hurricane Center. The BV is consistently good at initializing TCs with low 

intensity error, but its structure is very symmetric and vertically robust. A hybrid 

3DVAR/EnKF DA IC is not artificial at all; instead, it is an analysis produced by altering 

a model-generated first guess dynamical field based on the error covariance between the 

assimilated observations and forecast model in use. If no observations are assimilated, the 

first guess is not adjusted (as in HDA). The ensemble mean of a six-hour forecast 

generated by a 24-member physics ensemble of HURNC is used as the first guess field 

for data assimilation. The EnKF uses the spread of this same ensemble mean to generate 

a flow-dependent background error covariance matrix. The flow-dependent matrix is 

weighted equally with that of the 3DVAR standard matrix in the DA cost function, which 

is minimized to produce adjustments to the first guess. Once the first guess has been 

adjusted, it becomes the hybrid DA, or HDA, IC.  

The HDA IC is used to initialize HURNC for Hurricane Earl and results are 

compared to model experiments from the same initial time that are conducted using the 

GFS IC and the BV IC. Another model experiment is conducted, in which additional in-

situ observations from three environmental aircraft reconnaissance dropsondes (Fig. 2.1) 

near Hurricane Earl were assimilated into the initial condition using the hybrid DA 

system; this is the HDA-OBS IC. 
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5.1.3 Hypothesis  

While both the BV and the hybrid DA initial conditions (HDA and HDA-OBS) 

are expected to improve forecast skill, the major hypothesis of this study is that the 

hybrid DA ICs would have more skill than the BV in prediction of TC, particularly in 

regard to intensity and structure. This expectation is based on early results (discussed in 

Chapter 3) which indicate that the robust PV structure of the artificial bogus vortex may 

cause it to be resistant to vertical wind shear, leading to over-intensification of BV TCs, 

particularly at longer forecast lead times. Furthermore, it is expected that the HDA-OBS 

IC would more accurately represent the initial state of the atmosphere and of Hurricane 

Earl, due to assimilated vertical profiles of dropsonde data on the western flank of the 

storm; it follows naturally that the HDA-OBS is expected to display more skill with 

Earl’s intensity forecast than the HDA, which does not assimilate any in-situ 

observations. 

 

5.2 Conclusions 

5.2.1 GFDL Bogus Vortex Initial Condition: Hurricane Ike 

 Two HURNC model runs (GFS and BV) are initialized at 1200 UTC 10 

September 2008 for Hurricane Ike, which was a Category 1 storm at this time. The GFS 

IC displays a weak, asymmetric TC with a large eye and a large intensity error (30 mb) in 

the model analysis. Tangential winds display a realistic TC structure and distribution, but 

are much weaker than observations. Potential vorticity values in the GFS inner core are 

weaker than those in the BV and GFS PV tower is tilted with height (Fig. 3.5a). The BV 

generates a stronger, much more symmetric cyclone less than one-third of the intensity 
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error of the GFS (9 mb). The inner core is horizontally compact and has very strong 

tangential winds. The BV eye is nearly perfectly vertical, and the PV anomalies in the 

mid- and upper-levels are strong; PV in the BV reaches its strongest value at 400 mb, 

where the BV IC PV anomaly (20 PVU) is over three times the strength of the 400 mb 

anomaly in the GFS IC. 

 As the model runs evolve, GFS Ike intensifies rapidly for the first 36 hours of the 

model run as the BV does the same. By 0000 UTC 12 September, the GFS reaches the 

same intensity as the observed Ike, while the BV slightly overestimates intensity. The 

observed TC did deepen rapidly from 6 to 12 hours, by which time it had developed two 

concentric eyewalls, which began an eyewall replacement cycle and weakened the storm. 

Both models are unable to simulate this eyewall replacement and thus underestimate 

Ike’s intensity during the first 24 hours of the model run.  

Throughout the forecast period, the GFS model run simulates a closer 

representation of the outer core structure and spiral rainbands of the observed storm than 

does the BV. The BV, on the other hand, has a more realistic inner core structure, 

including a symmetric eye that fills in and contracts upon landfall, just as in the real TC. 

The models move Ike through the Gulf a bit faster than did the actual steering flow, so 

landfall in the models is approximately 4 hours earlier than Ike’s observed landfall in 

Galveston, TX at 0700 13 September. Both models did well with track placement, despite 

this along-track error due to differences in translational speed.  

At the 36 hour lead time, all three TCs converge to approximately the same value 

and show good agreement for SLP from 36 hours until the end of the forecast period. 

This is remarkable, given the disparity in initial structure and intensity of these two initial 
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conditions. Overall, however, the RMSE of SLP in the BV model run is smaller than that 

of the GFS model run. While the BV has a very artificial, robust TC structure at the 

initial time, with a mid-level PV max that persists well into the forecast, it is a closer 

approximation than that of the GFS for Ike. This suggests that the BV may not a poor 

choice to replace the GFS IC for a TC that is already mature and intense at the time of 

initialization, but neither forecast is ideal and improvement is still needed in order to 

attain adequate intensity skill. 

 

5.2.2 GFDL Bogus Vortex Initial Condition: Tropical Storm Erika 

 Two HURNC model runs are initialized at 0000 UTC 2 September 2009 for 

Tropical Storm Erika; one uses the GFS IC and the other uses the BV IC. At the time of 

initialization, Erika had a low-level center that was exposed to the west of its deep 

convection due to significant vertical wind shear. The GFS IC barely displays a tropical 

cyclone at all; it shows a not-quite-closed low pressure system with a 7 mb intensity 

error, and weak winds. The BV IC shows a very symmetric and slightly stronger TC with 

a 1 mb intensity error and surface winds that are double in magnitude of those in the GFS 

IC.  

 Latitudinal cross sections through the model ICs show that the GFS Erika is tilted 

sharply eastward with height, due to vertical wind shear, and it has an asymmetric wind 

distribution about the horizontally diffuse eye-like feature. The GFS PV profile shows an 

extremely weak low-level anomaly in the western half of Erika with a slightly stronger 

positive anomaly in the eastern portion of the storm at midlevels. The BV has its 

signature vertical structure with a compact inner core and symmetric distribution of 
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winds and PV about a narrow eye. The bogus vortex is inserted into an environment with 

large vertical wind shear at the initial time, but it has not yet been affected by these 

winds. Near-surface PV in the BV is weak, but a symmetric tower of moderate strength 

extends from the lower troposphere up to 500 mb. The upper level PV maximum is 5 

times the strength of the GFS PV maximum at the same height.  

 Erika never did organize into a hurricane. The storm weakened at the beginning of 

the forecast period, before leveling off in intensity from 12 hours until it dissipated at 54 

hours. Both the GFS and BV model runs exhibit a rapid deepening from 0 to 6 hours as 

the TCs spin up in the models, but from this time on, the SLP in both model runs hovers 

around 1000 mb as they slowly weaken. While neither the GFS nor the BV correctly 

simulates Erika’s intensity, this forecast cannot be classified as a failure, because both 

models correctly predict that Erika will not develop into a hurricane. Other major model 

guidance systems initialized at the same time, such as HWRF and the GFDL Hurricane 

Model, were forecasting Erika to develop into a major hurricane, so HURNC’s success in 

this regard is notable. Track errors for both model runs are hard to measure, due to the 

disorganization and dissipation of these TCs, but there is significant along-track error for 

the TC in the BV model run, which moves more slowly westward than does the GFS.  

 An important result here is that the BV Erika persists in maintaining its 

organization for a longer period of time within the model than does the GFS TC. 

Artificial vortices, such as the GFDL bogus vortex, have been shown to exhibit vortex 

resiliency (Reasor et al. 2004; Mallen et al. 2005), or resistance to vertical wind shear due 

to a robust vertical eyewall and inner core structure. This seems to be the case with Erika, 

allowing the BV TC to survive in the face of strong vertical wind shear, where the GFS 
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TC and the real Erika are destroyed earlier in the forecast period. This would suggest 

that, for weaker storms, such as Erika, the BV is not a good approximation of storm 

structure and does not add skill when used as an initial condition in such cases. 

 

5.2.3 GFDL Bogus Vortex Initial Condition: Hurricane Earl 

 Two HURNC model runs are initialized at 0000 UTC 1 September 2010 for 

Hurricane Earl, which was a strong Category 3 storm at this time; one uses the GFS IC 

and the other uses the BV IC. The GFS initializes with an extremely large intensity error 

(43 mb), a symmetric pressure field, and a 90 kt 10-meter wind maximum in the 

northeast quadrant of the TC. The BV IC is a much stronger TC, with an intensity error 

of only 9 mb, a 115 kt 10-meter wind maximum, and a larger eye than that of the GFS 

TC. Latitudinal cross sections reveal that the BV displays its signature robust vertical 

structure, which is only exaggerated here with such a strong tropical cyclone. The BV eye 

is nearly calm from the surface all the way up to the 200 mb level, and a very strong 

gradient of tangential winds is found in the compact inner core. Potential vorticity cross 

sections reveal major structural differences. The GFS PV tower is tall, but wide and 

asymmetric with a PV maximum at 625 mb, while the BV PV tower is tall and thin, with 

extreme symmetry about the eye and a very strong PV anomaly at 500 mb.  

 Both the GFS and BV model runs keep Earl too weak throughout the first 45 

hours of the forecast cycle (although RMSE is less for the BV than it is for the GFS 

during this time). During this time period, the observed Earl completed a concentric 

eyewall replacement, which is not simulated by either model; this contributes to the 

errors at early lead times. As Earl weakens following its eyewall replacement, the GFS 
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and BV TCs continue to intensify. At 48 hours, the Best Track, GFS and BV SLP are at 

approximately the same intensity, but the models are trending in opposite direction of the 

observed SLP; from 48 to 66 hours, the models continue to intensify Earl while the real 

storm weakens. The GFS and BV keep Earl too intense for the remainder of the forecast 

period. The RMSE for the GFS SLP is less than that of the BV at later lead times (48 to 

96 hours) and track errors for both model runs are small. 

 Comparison of the forecasted SLP and simulated radar fields to IR satellite and 

near-coastal radar images of the observed TC indicate that the GFS simulates a more 

realistic structure of Hurricane Earl than does the BV model run. The GFS eye is closer 

in size and the structure of the inner and outer core precipitation fields looks more 

realistic. We speculate that the reason the BV stays too intense at later lead times is due 

to its overly robust structure, which stands up to vertical wind shear to a greater extent 

than would a real TC. This effect is not as exaggerated with Earl as it is with Erika, 

because Earl is a much stronger storm in nature. This supports the idea that, even for a 

storm that is strong at the initial time, the bogus vortex is not an optimal solution for 

improving the TC initial condition. An alternative solution is needed and further 

experiments are conducted with Hurricane Earl using a hybrid 3DVAR/EnKF DA IC. 

 

5.2.4 Hybrid 3DVAR/EnKF Data Assimilation Initial Condition: Hurricane Earl 

 Two additional model runs are initialized at 0000 UTC 1 September 2010 for 

Hurricane Earl; one uses the HDA IC and the other uses the HDA-OBS IC, which 

includes three environmental dropsondes assimilated into the analysis. The HDA IC 

displays a 966 mb TC with a surprising distribution in the wind field - the strongest winds 
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are located in the northwest quadrant of the TC, rather than in the eastern portion of the 

storm, where a maximum would be expected for a northward moving cyclone. This 

unusual wind speed distribution is due to the averaging of 24 ensemble members, each of 

which uses different physics parameterization and has a distinct wind distribution and 

storm motion. The HDA-OBS IC produces a 968 mb TC with comparable wind 

magnitude and a more realistic wind distribution; tangential winds reach a maximum in 

the northeast quadrant of the storm. The HRD HWND analysis provides evidence to 

suggest that the HDA-OBS wind field is closer to the observed distribution in both 

structure and magnitude.  

The assimilated dropsondes also reduce the intensity of the HDA-OBS IC by 2 

mb as compared with the HDA IC; this is another unexpected result, because the goal of 

including observations is to produce a more realistic atmosphere state. However, these 

assimilated data are from environmental dropsondes, rather than from sondes launched 

within the storm, which were not available for this time of initialization. Perhaps 

dropsondes from the inner TC would be more effective at adjusting TC intensity toward 

observed values, rather than toward the pressure of its surrounding environment as 

appears to have happened here.  

 Latitudinal cross sections of potential vorticity reveal that the HDA and HDA-

OBS ICs both have tall, but also wide PV towers with asymmetry about their respective 

eyes; low-level PV anomalies are west of center, while mid- and upper-level PV tilts 

eastward with height. The HDA-OBS IC contains slightly stronger PV anomalies overall 

than does the HDA IC, but both are stronger than the GFS PV tower and much weaker 

than the BV PV tower for Earl.  
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 As the models are integrated through time, the hybrid DA initial conditions do not 

improve the HURNC GFS forecast intensity skill at shorter lead times. The HDA IC and 

HDA-OBS IC evolve with significant structural differences in the wind and precipitation 

fields, but similar intensities and tracks. Both models keep Earl too weak until 60 hours 

and then slightly too intense beyond that time. As Fig. 4.5 shows, none of the four 

experimental model runs results in appreciable intensity forecast skill reduction, but 

remarkably, they all converge to the same SLP for the last 12 hours of the model run. Out 

of all the experimental runs, the BV has the lowest RMSE over the entire forecast cycle, 

but as discussed in the previous section, the BV still leaves much to be desired as a TC 

initial condition. We speculate that running HURNC in cycling mode with a hybrid DA 

initial condition may produce better results than solely using the hybrid DA system to 

produce a single IC that is not updated throughout the forecast. This, and other 

opportunities for future work on the initial condition problem are discussed in Section 

5.3. 

 

5.2.5 Summary of Conclusions 

 While the BV does improve the model intensity of the IC for Ike, Erika, and Earl, 

it does not necessarily improve the forecast, particularly at longer lead times. The BV has 

an artificial, vertically-oriented, symmetric, inner core structure with mid- to high-level 

PV anomalies that are very strong relative the PV at analogous levels in the GFS IC. 

Thus, the BV is a particularly poor approximation for storms that are weak at the time of 

initialization, such as Tropical Storm Erika, because it is specified to represent a mature 

TC with a robust inner core. 
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 Preliminary experiments conducted for Hurricane Earl with a hybrid DA IC do 

not offer adequate forecast improvement due to (a) the limited data that are assimilated, 

and (b) the fact that the hybrid DA technique is not fully exploited in this study, because 

these experiments are merely exploratory; HURNC is not run in cycling mode and the 

model is not updated during the forecast. However, the results obtained here have 

illuminated several avenues for future work that would fully exploit this technique, which 

shows promise for producing an operationally feasible IC for HURNC that could result in 

improved intensity forecasts for TCs.  

 

5.3 Future Work 

 The results obtained in this study bring to light several avenues for future work to 

continue this investigation and develop a method that will optimize TC initial conditions 

for an operational forecasting system such as HURNC. The first step would be to perform 

additional model experiments using the HDA initial condition for other TCs, in order to 

offer some perspective on the results obtained for Earl in this work. As discussed in 

Section 4.3, broad generalizations about the efficacy of the HDA IC cannot be drawn 

from just one set of model experiments with one case. 

 Another area for exploration is the assimilation of other types of in-situ 

observations into the HDA-OBS IC. It would have been ideal if dropsonde data were 

available within the core of Hurricane Earl during the 3DVAR data assimilation window 

used in this study. However, additional experiments can be performed for TCs at times 

when near-core dropsondes have been launched within ±1 hour of the model analysis 
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time. Also, satellite-derived winds or aircraft Doppler radar would be valuable data to 

assimilate for TC prediction. 

 In the experiments conducted in this study, the 3DVAR and EnKF background 

error covariance matrices are assigned equal weighting within the cost function, so as not 

to place more emphasis on either the standard error statistics or on the flow-dependent 

error statistics in the HDA-OBS simulation. However, it is possible to adjust the 

weighting of the 3DVAR vs. EnKF contribution to the background error field. Sensitivity 

tests that vary these relative weights would shed more light on how adjustments in 

relative weighting of these error statistics affects TC forecast parameters; this information 

can then be used to further optimize the HURNC IC. 

 Lastly, but perhaps most importantly, it would be helpful to implement a cycling 

program for HURNC, whereby three-hour forecasts are run continuously throughout the 

forecast cycle and used to update the vortex to that it more closely matches the observed 

location and intensity throughout the model run. Studies have shown that the more 

iterations of model runs that are performed in cycling mode, the better the initial 

condition gets with each forecast cycle (Szunyogh et al. 2007; Torn et al. 2009).  
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FIGURES 

 

 

Figure 1.1: National Hurricane Center annual average official track errors for Atlantic 

basin tropical storms and hurricanes for the period 1970-2009, with least-squares trend 

lines superimposed. [Courtesy of the National Hurricane Center] 
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Figure 1.2: National Hurricane Center annual average official intensity errors for Atlantic 

basin tropical storms and hurricanes for the period 1970-2009, with least-squares trend 

lines superimposed. [Courtesy of the National Hurricane Center] 
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Figure 2.1: HURNC domain configuration used with grid spacing of 27, 9, and 3 km on 

domains 1, 2, and 3, respectively. 
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Figure 2.2: GOES-East infrared satellite image of Hurricane Earl at 0145 UTC 01 

September 2010 [Courtesy of http://tropic.ssec.wisc.edu] with the locations of Air Force 

aircraft reconnaissance dropsonde launch points (in red). 

 

 

 

 

 

http://tropic.ssec.wisc.edu/
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Figure 3.1: GOES-East infrared satellite image at 1345 UTC 10 September 2008. 

[Courtesy of http://tropic.ssec.wisc.edu] 
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(a)                                                          (b) 

 

Figure 3.2: 10-m wind speed (in kt, shaded as in color bar) and sea level pressure (mb, contoured) in Hurricane Ike at 1200 UTC 10 

September 2008 on the 3-km nested grid in the initial field of (a) the GFS simulation and (b) the BV simulation
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Figure 3.3: Aircraft-based radar reflectivity image of Hurricane Ike at 1220 UTC 10 

September 2008. [Courtesy of NOAA Hurricane Research Division] 
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(a)  

 

(b)  

 

Figure 3.4: Cross sections of tangential wind speed (in kt, shaded as in color bar) and 

potential temperature (contoured, in K) at 1200 UTC 10 September 2008 on the 3-km 

nested grid in the initial field of (a) the GFS simulation and (b) the BV simulation. Cross 

sections are taken from west to east (4 degrees total width) through the center of 

Hurricane Ike. 
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(a)  

 

(b)  

 

Figure 3.5: Cross sections of potential vorticity (in PVU, shaded as in color bar) at 1200 

UTC 10 September 2008 on the 3-km nested grid in the initial field of (a) the GFS 

simulation and (b) the BV simulation. Cross sections are taken from west to east (4 

degrees total width) through the center of Hurricane Ike. 
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(a)                                       (b) 

 

 

(c)                                       (d) 

 

 

 

  

 

Figure 3.6: Potential vorticity (PVU, shaded as in color bar) and height (dam, contoured) 

in Hurricane Ike at 1200 UTC 10 September 2008 in the initial field on the 3-km nested 

grid: (a) at 925 mb in the GFS simulation; (b) at 925 mb in the BV simulation; (c) at 500 

mb in the GFS simulation; (d) at 500 mb in the BV simulation. 
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Figure 3.7: Minimum central sea level pressure (in mb) as a function of forecast lead time 

(hr) for the innermost (3-km) grid forecast of Hurricane Ike in the GFS simulation (blue), 

the BV simulation (red), and in the HURDAT Best Track data (green).
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Figure 3.8: Track for Hurricane Ike in the GFS simulation (yellow), the BV simulation 

(green), and the observed HURDAT Best Track position (red) from 1200 UTC 10 

September 2008 to 1200 UTC 15 September 2008. 
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(a)  

 

(b) 

 

Figure 3.9: 24-hour forecast of simulated radar reflectivity (shaded, as in color bar) and 

sea level pressure field (mb, contoured) on the 3-km nested grid in Hurricane Ike, valid 

1200 UTC 11 September 2008 in (a) the GFS simulation; (b) the BV simulation. 
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Figure 3.10: Aircraft-based radar reflectivity image of Hurricane Ike at 1117 UTC 11 

September 2008. [Courtesy of NOAA Hurricane Research Division] 
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(a)  

 

(b)  

 

Figure 3.11: 48-hour forecast of simulated radar reflectivity (shaded, as in color bar) and 

sea level pressure field (mb, contoured) on the 3-km nested grid in Hurricane Ike, valid 

1200 UTC 12 September 2008 in (a) the GFS simulation; (b) the BV simulation. 
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Figure 3.12: NEXRAD composite radar reflectivity image of Hurricane Ike at 0600 UTC 

13 September 2008. [Data courtesy of NOAA NWS] 
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(a)  

 

(b)  

 

Figure 3.13: 66-hour forecast of simulated radar reflectivity (shaded, as in color bar) and 

sea level pressure field (mb, contoured) on the 3-km nested grid in Hurricane Ike, valid 

0600 UTC 13 September 2008 in (a) the GFS simulation; (b) the BV simulation. 
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Figure 3.14: (a) GOES-East infrared satellite image at 0145 UTC 01 September 2009; (b) 

HWRF forecast of 10-m wind (kt) and sea level pressure (mb) for Tropical Storm Erika, 

valid at 0600 3 September 2009; (c) GFDL hurricane model forecast of 10-m wind (kt) 

and sea level pressure (mb) for Tropical Storm Erika, valid at 0600 3 September 2009. 

[Satellite image courtesy of http://tropic.ssec.wisc.edu, HWRF and GFDL forecast 

images courtesy of NOAA, GFDL, and Dr. Robert Hart]   

http://tropic.ssec.wisc.edu/
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(b)  

 

 

(c)  
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(a)                                                          (b) 

 

Figure 3.15: 10-m wind speed (in kt, shaded as in color bar) and sea level pressure (mb, contoured) in Tropical Storm Erika at 0000 

UTC 2 September 2009 on the 3-km nested grid in the initial field of (a) the GFS simulation and (b) the BV simulation. 
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(a) 

 

(b) 

 

Figure 3.16: Cross sections of tangential wind speed (in kt, shaded as in color bar) and 

potential temperature (contoured, in K) at 0000 UTC 2 September 2009 on the 3-km 

nested grid in the initial field of (a) the GFS simulation and (b) the BV simulation. Cross 

sections are taken from west to east (4 degrees total width) through the center of Tropical 

Storm Erika. 
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(a) 

 

(b) 

 

 

Figure 3.17: Cross sections of potential vorticity (in PVU, shaded as in color bar) at 0000 

UTC 2 September 2009 on the 3-km nested grid in the initial field of (a) the GFS 

simulation and (b) the BV simulation. Cross sections are taken from west to east (4 

degrees total width) through the center of Tropical Storm Erika. 

 



 105 

 

(a)                                       (b) 

 

(c)                                       (d) 

 

 

Figure 3.18: Potential vorticity (PVU, shaded as in color bar) and height (dam, 

contoured) in Tropical Storm Erika at 0000 UTC 2 September 2009 in the initial field on 

the 3-km nested grid: (a) at 925 mb in the GFS simulation; (b) at 925 mb in the BV 

simulation; (c) at 500 mb in the GFS simulation; (d) at 500 mb in the BV simulation. 
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Figure 3.19: Minimum central sea level pressure (in mb) as a function of forecast lead 

time (hr) for the innermost (3-km) grid forecast of Tropical Storm Erika in the GFS 

simulation (blue), the BV simulation (red), and in the HURDAT Best Track data (green). 
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Figure 3.20: Track for Tropical Storm Erika in the GFS simulation (yellow), the BV 

simulation (green), and the observed HURDAT Best Track position (red) from 0000 02 

September 2009 to 0000 UTC 06 September 2009. 
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(a) 

 

(b) 

 

Figure 3.21: 24-hour forecast of simulated radar reflectivity (shaded, as in color bar) and 

sea level pressure field (mb, contoured) on the 3-km nested grid in Tropical Storm Erika, 

valid 0000 UTC 3 September 2009 in (a) the GFS simulation; (b) the BV simulation. 
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(a) 

 

(b) 

 

Figure 3.22: 48-hour forecast of simulated radar reflectivity (shaded, as in color bar) and 

sea level pressure field (mb, contoured) on the 3-km nested grid in Tropical Storm Erika, 

valid 0000 UTC 4 September 2009 in (a) the GFS simulation; (b) the BV simulation. 
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Figure 3.23: GOES-East infrared satellite image at 0145 UTC 01 September 2010 

[Courtesy of http://tropic.ssec.wisc.edu] 
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(a)                                                          (b) 

 

Figure 3.24: 10-m wind speed (in kt, shaded as in color bar) and sea level pressure (mb, contoured) in Hurricane Earl at 0000 UTC 1 

September 2010 on the 3-km nested grid in the initial field of (a) the GFS simulation and (b) the BV simulation.
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Figure 3.25: GOES-East infrared satellite image of Hurricane Earl at 0015 UTC 01 

September 2010. [Satellite data courtesy of NOAA] 

  



 113 

(a) 

 

(b) 

 

Figure 3.26: Cross sections of tangential wind speed (in kt, shaded as in color bar) and 

potential temperature (contoured, in K) at 0000 UTC 1 September 2010 on the 3-km 

nested grid in the initial field of (a) the GFS simulation and (b) the BV simulation. Cross 

sections are taken from west to east (4 degrees total width) through the center of 

Hurricane Earl. 
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(a) 

 

(b) 

 

Figure 3.27: Cross sections of potential vorticity (in PVU, shaded as in color bar) at 0000 

UTC 1 September 2010 on the 3-km nested grid in the initial field of (a) the GFS 

simulation and (b) the BV simulation. Cross sections are taken from west to east (4 

degrees total width) through the center of Hurricane Earl. 
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(a)                                       (b) 

 

(c)                                       (d) 

 

 

Figure 3.28: Potential vorticity (PVU, shaded as in color bar) and height (dam, 

contoured) in Hurricane Earl at 0000 UTC 1 September 2010 in the initial field on the 3-

km nested grid: (a) at 925 mb in the GFS simulation; (b) at 925 mb in the BV simulation; 

(c) at 500 mb in the GFS simulation; (d) at 500 mb in the BV simulation. 
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Figure 3.29: Minimum central sea level pressure (in mb) as a function of forecast lead 

time (hr) for the innermost (3-km) grid forecast of Hurricane Earl in the GFS simulation 

(blue), the BV simulation (red), and in the HURDAT Best Track data (green). 
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Figure 3.30: Track for Hurricane Earl in the GFS simulation (yellow), the BV simulation 

(green), and the observed HURDAT Best Track position (red) from 0000 UTC 01 

September 2010 to 0000 UTC 05 September 2010. 
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(a) 

 

(b) 

 

Figure 3.31: 24-hour forecast of simulated radar reflectivity (shaded, as in color bar) and 

sea level pressure field (mb, contoured) on the 3-km nested grid in Hurricane Earl, valid 

0000 UTC 2 September 2010 in (a) the GFS simulation; (b) the BV simulation. 
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Figure 3.32: GOES-East infrared satellite image of Hurricane Earl at 0015 UTC 02 

September 2010. [Satellite data courtesy of NOAA] 
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(a) 

 

(b) 

 

Figure 3.33: 48-hour forecast of simulated radar reflectivity (shaded, as in color bar) and 

sea level pressure field (mb, contoured) on the 3-km nested grid in Hurricane Earl, valid 

0000 UTC 3 September 2010 in (a) the GFS simulation; (b) the BV simulation. 

 



 121 

 

Figure 3.34: NEXRAD composite radar reflectivity image of Hurricane Earl at 0000 

UTC 3 September 2010. [Data courtesy of NOAA NWS] 
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(a)                                                          (b) 

 

Figure 4.1: 10-m wind speed (in kt, shaded as in color bar) and sea level pressure (mb, contoured) in Hurricane Earl at 0000 UTC 1 

September 2010 on the 3-km nested grid in the initial field of (a) the HDA simulation and (b) the HDA-OBS simulation. 
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Figure 4.2: NOAA/AOML/HRD HWND Analysis for Hurricane Earl valid at 0130 UTC 

1 September 2010. Maximum 1-min sustained surface winds (in kt, contoured). [Image 

courtesy of NOAA/AOML/HRD] 
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(a) 

 

(b) 

 

Figure 4.3: Cross sections of tangential wind speed (in kt, shaded as in color bar) and 

potential temperature (contoured, in K) at 0000 UTC 1 September 2010 on the 3-km 

nested grid in the initial field of (a) the HDA simulation and (b) the HDA-OBS 

simulation. Cross sections are taken from west to east (4 degrees total width) through the 

center of Hurricane Earl.  
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(a) 

 

(b) 

 

Figure 4.4: Cross sections of potential vorticity (in PVU, shaded as in color bar) at 0000 

UTC 1 September 2010 on the 3-km nested grid in the initial field of (a) the HDA 

simulation and (b) the HDA-OBS simulation. Cross sections are taken from west to east 

(4 degrees total width) through the center of Hurricane Earl. 
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Figure 4.5: Minimum central sea level pressure (in mb) as a function of forecast lead time 

(hr) for the innermost (3-km) grid forecast of Hurricane Earl in the GFS simulation (blue), 

the HDA simulation (orange), the HDA-OBS simulation (pink), the BV simulation (red), 

and in the HURDAT Best Track data (green). 
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Figure 4.6: Track for Hurricane Earl in the GFS simulation (yellow), the BV simulation 

(green), the HDA simulation (purple), the HDA-OBS simulation (orange), and the 

observed HURDAT Best Track position (red) from 0000 UTC 01 September 2010 to 

0000 UTC 05 September 2010. 
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(a) 

 

(b) 

 

Figure 4.7: 24-hour forecast of simulated radar reflectivity (shaded, as in color bar) and 

sea level pressure field (mb, contoured) on the 3-km nested grid in Hurricane Earl, valid 

0000 UTC 2 September 2010 in (a) the HDA simulation; (b) the HDA-OBS simulation. 
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(a) 

 

(b) 

 

Figure 4.8: 48-hour forecast of simulated radar reflectivity (shaded, as in color bar) and 

sea level pressure field (mb, contoured) on the 3-km nested grid in Hurricane Earl, valid 

0000 UTC 3 September 2010 in (a) the HDA simulation; (b) the HDA-OBS simulation. 
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