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ABSTRACT

The prediction of tropical cyclone (TC) motion has improved greatly in recent decades. However,

similar trends remain absent with respect to TC intensity prediction. Several hypotheses have

been proposed attempting to explain why dynamical NWP models struggle to predict TC

intensity. The leading candidates are as follows: (1) the lack of an evolving ocean (i.e., sea-

surface temperature) boundary condition which responds as a function of the atmosphere (e.g.,

TC) forcing, (2) inappropriate initial conditions for the TC vortex (e.g., lack of data assimilation

methods), (3) NWP model grid-length resolutions which are unable to resolve the temporal

and length scales for the features believed responsible for TC vortex intensity modulations

(i.e., eye-wall dynamics, momentum transport, vortex Rossby wave interactions, etc.), and (4)

physical parametrization which do not adequately represent the air-sea interactions observed

during TC passage. In this study, a coupling algorithm for two independent, high-resolution,

and state-of-the-art atmosphere and ocean models is developed. The atmosphere model – the

Advanced Weather Research and Forecasting (WRF-ARW) model is coupled to the HYbrid

Coordinate Ocean Model (HYCOM) using a (UNIX) platform independent and innovative

coupling methodology. Further, within the WRF-ARW framework, a dynamic initialization

algorithm is developed to specify the TC vortex initial condition while preserving the synoptic-

scale environment.

Each of the tools developed in this study is implemented for a selected case-study: TC Bertha

(2008) and TC Gustav (2008) for the coupled-model and TC vortex initialization, respectively.

The experiment results suggest that the successful prediction (with respect to the observations)

for both the ocean response and the TC intensity cannot be achieved by simply incorporating

(i.e., coupling) an ocean model and/or by improving the initial structure for the TC. Rather

the physical parametrization governing the air-sea interactions is suggested as the one of the

weaknesses for the NWP model. This hypothesis is (indirectly) supported through a diagnostic

xviii



evaluation of the synoptic-scale features (e.g., sea-level pressure and the deep-layer mean wind

beyond the influence of the TC) while the assimilated TC vortex is nudged toward the observed

intensity value. It is found – in the case of TC Gustav (2008) using WRF-ARW, that as

the assimilated TC vortex intensity approaches that of the observed, the balance between the

mass and momentum states for WRF-ARW is compromised leading to unrealistic features for

the environmental sea-level pressure and deep-layer (800- to 200-hPa) mean wind surrounding

the TC. Forcing WRF-ARW to assimilate a TC vortex of the observed maximum wind-speed

intensity may ultimately compromise the prediction for the TC’s motion and subsequently

mitigate any gains for the corresponding intensity prediction.

Suggestions for additions to the coupled atmosphere-ocean model include a wave-model

(WAVEWATCH3), the assimilation of troposphere thermodynamic observations, and modi-

fications to the existing atmospheric boundary-layer parametrization. The current suite of

atmosphere model parametrizations do not accurately simulate the observed azimuthal and

radial variations for the exchange coefficients (e.g., drag and enthalpy) that have been indicated

as potential predictor variables for TC intensity modulation. However, these modifications

should be implemented only after the limitations for the current coupled-model and TC vortex

initialization methods are fully evaluated.
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CHAPTER 1

INTRODUCTION AND DISSERTATION STATEMENT

A suite of dynamical, statistical, and ensemble-based numerical weather prediction (NWP)

models complement the subjective (i.e., human produced) analyses and forecasts issued by

the National Hurricane Center/Tropical Prediction Center1 (NHC/TPC) during North-Atlantic

(NATL) Ocean Basin TCs. The implementation and incorporation of the NWP model forecasts

and the evolution of the respective models is suggested by the time-series of seasonal mean

TC forecast position (i.e., track) errors illustrated in Figure 1.1a. There exists, particularly for

short-term (e.g., 72-hour) forecasts, an improvement trend that has been (in part) attributed to

the implementation and continuing evolution of the data assimilation methods and physics

parametrization within the operational NWP model forecasts provided to the NHC/TPC.

However, this improvement trend is not evident when analyzing a similar time-series for the

mean maximum wind-speed intensity error. Figure 1.1b suggests that predicting the observed

intensity for TCs remains difficult [Franklin, 2008].

Some of the deficiencies for the current operational NWP models relative to TC prediction

are:

1. The lack of an evolving sea-surface temperature (SST) boundary condition responding

to the forcing induced at the surface by the atmosphere model and a TC vortex (e.g.,

coupled-model) [Price, 1983; Brooks, 1983; Bender and Ginis, 2000; Shay et al., 2000;

Chan et al., 2001].

2. Insufficient use of high-resolution wind observations which define the initial conditions

for the TC vortex, specifically the horizontal and vertical wind profiles [Anthes, 1974;

Kurihara et al., 1993; Serrano and Unden, 1994; Kurihara et al., 1995].

1National Hurricane Center Tropical Prediction Center, Miami, Florida, U.S.A.
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Figure 1.1: (a) Annual (official) average track forecast errors for all NATL basin TCs
during the period 1989 to 2007. (b) Annual average official intensity forecast errors for
NATL basin TCs for the period 1990 through 2007. 96- and 120-hour forecasts for track
and intensity were not available prior to the 2001 NATL season. The (general) trend in
both (a) and (b) is that as the forecast length increases, the skill in prediction decreases.
Verification is based on the NHC data valid as of 08 May 2008 and is adopted from
http://www.nhc.noaa.gov/verification/verify5.shtml.

3. An initial TC vortex that has correct position, intensity, and structure and is balanced with

respect to the NWP model grid-length resolution and physics parametrizations [Fiorino

and Warner, 1981; Mathur, 1991; Kurihara et al., 1993; Bender et al., 1993b; Kurihara et

al., 1995; Bender and Ginis, 2000].

4. The current suite of NWP model physics parametrization are insufficiently representative

of the atmosphere and ocean conditions (i.e., atmospheric boundary-layer, ocean mixed-

layer, and air-sea interactions) [Emanuel, 1986; Chen et al., 2007] particularly during the

passage of TCs [Powell et al., 2003; Nolan, 2005; Moon et al., 2007; Fiorino, 2010].

The degree to which each of the aforementioned components contributes to improving a

respective TC forecast remains unknown. Further, the importance for each will most certainly

vary as a function of respective TC (i.e., translational velocity, intensity, etc. [Yablonsky and

Ginis, 2008]), mesoscale (atmospheric and oceanic) features, and the time of year . Thus,

designing a coupled-model to accommodate these known (and unknown) degrees of freedom

becomes difficult.
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The objective of this study is the development of a coupled atmosphere-ocean model and TC

vortex initialization procedure to compose a laboratory setting within which to evaluate each

of the aforementioned hypotheses. The remainder of this manuscript is organized as follows: in

Chapter 2, a coupled atmosphere-ocean model, using the current state-of-the-art atmosphere

and ocean prediction models, is developed and implemented. A single case study, 0000 UTC 10

July - 0000 UTC 15 July TC Bertha (2008), demonstrates the utility for the coupled-model while

the analysis results suggest the sensitivity for the coupled-model prediction to the respective

atmosphere and ocean NWP model initial conditions. The second phase for this study involves

the design, development, and implementation of a synthetic TC vortex specification algorithm

(Chapter 3). This method is unique (relative to the current operational methodologies) with

regards to (1) a grid-length resolution-independent filtering algorithm for the analysis TC vortex

and a (2) TC vortex specification which provides an initial condition that is balanced with

respect to the length-scales within the large-scale (synoptic) flow and the atmosphere NWP

model traits grid-length resolution and physics parametrization. A single case-study (e.g., 0000

UTC 01 September 2008 TC Gustav) demonstrates the filtering and specification procedures.

Subsequent experiments illustrate the impacts for different data assimilation methods (i.e.,

direct-insertion versus dynamic initialization) and the impact of initial TC vortex (near) surface

and free-atmosphere wind structures for the prediction of TC track, intensity, and structure.

This study concludes with an evaluation for the current state of the coupled-model and provides

suggestions and additional areas of research related to the NWP model TC prediction problem.
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CHAPTER 2

THE DEVELOPMENT OF A HIGH-RESOLUTION

COUPLED ATMOSPHERE-OCEAN MODEL AND AN

EVALUATION OF THE TROPICAL CYCLONE AND

OCEAN RESPONSES

2.1 Introduction

During the past decade, the ability of the National Hurricane Center/Tropical Prediction Center

(NHC/TPC) to predict tropical cyclone (TC) motion (track) has improved dramatically (see

Figure 1.1a). This has largely been a result of the implementation and subsequent improvement

of numerical weather (dynamical) prediction (NWP) models as well as the increasing availability

of satellite observations [Lawrence et al., 1997]. Currently, the top-performing operational

mesoscale NWP model, relative to TC track and intensity forecasts is the Geophysical Fluid

Dynamics Laboratory (GFDL)1 coupled atmosphere-ocean (henceforth, GFDL-CAO) model

[Kurihara et al., 1993; Kurihara et al., 1998; Bender et al., 2000; Bender et al., 2007]. However

despite the NHC/TPC TC track forecast improvements (aided by the GFDL-CAO and other

state-of-the-art models), difficulties persist with respect to forecasting TC intensity [Franklin,

2008].

The majority of operational NWP models still employ a static (non-evolving) sea-surface

temperature (SST) boundary condition although the impact of TCs upon the ocean mixed-layer

(OML) has been observed. The ocean heat content (OHC) and/or TC heat potential (TCHP)

have further been documented as primary predictors for TC intensity modulations [DeMaria

et al., 2005]. Idealized studies, which treat the TC as a Carnot heat-engine [Emanuel, 1986;

Emanuel, 1988], also suggest that the fluxes of heat and momentum (from the upper-ocean

into the atmosphere boundary-layer) contribute to the TC’s intensity modulations. During the

1Geophysical Fluid Dynamics Laboratory, Princeton, New Jersey, U.S.A.
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genesis and maturation stages of the TC, the atmosphere-ocean system provides a positive

feedback through enhanced moisture flux and the subsequent release of latent heat. Both

of these factors can help to foster an infant TC’s developing circulation. However, during

the TC’s mature stages, the atmosphere-ocean system can act as a limiting factor upon TC

intensification. The effects of cold-water entrainment and ocean upwelling lead to a cooling

of the upper-ocean and a subsequent cooling of the OML. This cooling results in a reduction

of available energy (i.e., OHC and/or TCHP). Provided that the TC’s interaction with these

oceanic features is important, NWP simulations which do not include an evolving SST boundary-

condition responding as a function of the atmospheric (and TC) forcing can lead to non-realistic

sources of heat and momentum fluxes along the atmosphere-ocean interface and ultimately

biases in TC intensity prediction2. Since the motion (track) of the TC has been related to

the TC’s intensity through the depth of the environmental steering layer [Velden and Leslie,

1991] and beta-drift [Elsberry, 1995], NWP models which neglect the ocean’s role are subject to

degradations in TC track prediction further complicating the skill for TC intensity forecasts.

The purpose of this study is to describe the coupling of the next generation, high-resolution,

and state-of-the-art atmosphere and ocean models. For the first time, the coupled-model’s ocean

initial state is defined by an ocean prediction system [Chassignet et al., 2009] which provides a

computationally efficient alternative to feature based data assimilation algorithms [Falkovich et

al., 2005] and ocean-model spin-up from climatological profiles [Bender et al., 1993]. A UNIX

platform independent coupling algorithm is constructed and implemented. A case study for

TC Bertha (2008) enables an evaluation of the impact which the structure of the TC’s initial

conditions vortex (provided by the respective global analysis) have for the ocean response and

the subsequent feedbacks upon the TC’s track and intensity forecasts. The following section

provides a brief review of the previous studies while section 2.3 describes the coupled atmosphere-

ocean model including the coupling and initial condition specification algorithms. Section 2.4

describes the design and discusses the results for each experiment while section 2.5 concludes

with a discussion of the current state for the coupled atmosphere-ocean model (described within)

and suggests future improvements to the modeling system.

2These features may compete with the current deficiencies and the uncertainties within the respective NWP
model parametrization (i.e., convection, microphysics, etc.) in some TC cases.
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2.2 Literature Review

Resulting from the observed importance of the atmosphere-ocean interactions occurring during

a TC’s life-cycle, the modeling of the atmosphere-ocean system (in the presence of TCs)

has been an ongoing area of investigation. Some of the earliest coupled atmosphere-ocean

model experiments [Chang and Anthes, 1979; Sutyrin and Khain, 1979] which employed coarse

resolution grids, axisymmetric models for the TC, and simplified dynamic OML models,

identified the existence of the aforementioned feedback between the ocean and TC. However,

the response in the TC dynamics was not large and lagged the ocean response by approximately

24-hours. Regardless, the important finding from these initial experiments was a subsequent

weakening of the TC in response to the upper-ocean cooling. Further, the amount weakening

was greatest for the slow moving TCs.

The next generation of coupled atmosphere-ocean models involved the use of 3-dimensional

models for both the atmosphere and ocean. Ginis et al., [1989] coupled a 5-level TC model

(developed by Khain, [1988]) with a 3-layer primitive equation ocean model. These coupled-

model experiments simulated the large-scale environmental flow by advecting the TC within the

atmosphere and ocean model grids using prescribed translational velocities. The results from

these experiments further reinforced the notion that a mature TC may weaken in response to a

cooling of the SST and also established that along with the reduction in the TC intensity come

deflections in the respective TC’s motion as a result of a weaker TC.

In recent years, several (operational and research) centers have developed and experimented

with coupled atmosphere-ocean models in order to investigate the impacts of a dynamic ocean

boundary condition for NWP TC forecasts. Bender et al., [1993] coupled the high-resolution

(inner nest resolution of 1/6◦) GFDL multiply nested movable mesh (MMM) model [Kurihara and

Bender, 1980] with an eight-layer primitive-equation stratified ocean model. The aforementioned

ocean model included free-surface effects and a flat bottom. The ocean initial state was assumed

quiescent and horizontally homogeneous and thus initially devoid of vertical shear. Observations

collected by Black, [1983] provided the vertical thermal structure and the remainder of the OML

and deep ocean characteristics were computed from regional mean profiles (see Fig. 2b of Bender

et al., [1993]). Bender et al., [1993] demonstrated that the coupled atmosphere-ocean model was

able to produce a cold-wake in response to the TC leading to a decrease in the surface latent-heat

flux and a reduction in TC intensity. Additional experiments continued to reaffirm that slower

moving TCs resulted in an enhanced SST response (i.e., increased cooling) and thus a larger
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reduction in the respective TC’s intensity. However, unlike the experiments which proceeded

the work of Bender et al., [1993], no significant temporal lag was identified between the ocean

response to the TC and the reduction in TC intensity. This result suggested that the ocean

model initial conditions are equally as important as those for the atmosphere.

Shortly after the full-physics experiments conducted by the GFDL [Bender et al., 1993],

the Naval Research Laboratory (NRL) developed the Coupled Ocean/Atmosphere Mesoscale

Prediction System (COAMPS) [Hodur, 1997] and also investigated the impacts of ocean

coupling upon TC intensity and motion. The COAMPS utilized a mesoscale atmospheric data

assimilation system to define the atmosphere initial state while the ocean initial state remained

idealized (similar to Bender et al., [1993]). Hodur [1997] found that the COAMPS idealized TC

induced strong SST cooling within the radius of maximum wind (RMW) leading to a reduction

of the TC’s intensity. However, the time and spatial scales for the SST response suggested that

the TC induced cooling would have minimal impact upon short-term (approximately 36-hour)

forecasts for the track and intensity forecasts contingent that the TC translational velocity was

greater than 1 ms−1. These results, similar to those of Bender et al., [1993], motivated further

investigations to identify the impact of the ocean’s initial state upon TC track and intensity

forecasts.

The most recent generation of coupled atmosphere-ocean models involves the coupling of the

previously developed high-resolution GFDL atmosphere model [Kurihara et al., 1998; Bender

et al., 2007] with the Princeton Ocean Model (POM) [Blumberg and Mellor, 1987]. Using the

results from previous studies which demonstrated that the interactions between the atmosphere

and ocean are largely modulated by not only the SST, but also by the sub-surface features

[Price, 1981; Shay et al., 2000], Bender and Ginis [2000] performed both a diagnostic and

prognostic spin-up for the ocean model initial state3. In summary, this procedure requires a

1-month integration period for the respective ocean model (in diagnostic mode) to define an the

ocean-current velocity profile which is geostrophically balanced with respect to the prescribed

temperature and salinity profiles. An additional 10-days of model integration is required for the

assimilation of the ocean cold-wake. In total, this procedure required a model integration of

40-days to approximate the ocean state prior to the integration of the coupled-model. Using this

procedure, the GFDL-CAO was run in near-realtime for 135 cases within the North-Atlantic and

3The Naval Oceanographic Office (NAVOCEANO; Stennis Space Flight Center, Mississippi, U.S.A.) Gener-
alized Digital Environmental Model (GDEM) climatologies provide the initial ocean temperature and salinity
profiles.
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Gulf of Mexico (GOM) during the 1998 TC season resulting in a 26% reduction in the minimum

sea–level pressure forecast error when compared to the un-coupled GFDL [Kurihara et al., 1998]

model. Bender and Ginis [2000] demonstrated that the atmosphere-ocean interactions, in the

presence of the TC, cannot be neglected due to their implications upon the intensity evolution for

the simulated TC. It was further suggested that the coupling of a dynamical atmosphere model

with a 3-dimensional ocean model is necessary condition to improve NWP TC intensity forecasts.

In 2006, the GFDL-CAO model incorporated a feature-based data assimilation methodology

[Falkovich et al., 2005; Yablonsky and Ginis, 2008] in order to further improve the position and

representation of the GOM Loop Current (LC), the warm-core eddies shed by the LC, and

other oceanic features of interest (e.g., the Gulf Stream). These features of the ocean model,

along with increasing the atmosphere model’s grid resolution and improving the respective

physical parametrization, have continued to increase the statistical skill of TC track and intensity

forecasts (see Figure 1.1).

2.3 Coupled Atmosphere-Ocean Model Description

In this section, we briefly discuss the respective atmosphere and ocean models which compose

the coupled-model. This is accompanied by the coupled-model grid configuration, coupling

algorithm, the choice of initial and lateral boundary conditions for the respective models, and

an algorithm to balance the exchanges of mass and momentum along the air-sea interface prior to

the integration of the coupled-model. Appendix A contains the modifications to the atmosphere

model which was required to couple the respective models.

2.3.1 Atmosphere Model Description

The Advanced Research Weather Research and Forecasting (WRF-ARW) model [Skamarock

et al., 2005] version 2 simulates the atmosphere for the coupled-model. The WRF-ARW is a

fully compressible, non-hydrostatic model formulated within an Eulerian reference frame. The

Arakawa C-grid defines the horizontal mass and momentum coordinates while the vertical grid

coordinate is specified using a terrain-following, dry hydrostatic-pressure coordinate (η) bounded

by a constant pressure surface (50-hPa) at the top. The time-integration for the WRF-ARW

is performed using a 2nd-order Runge-Kutta scheme which applies shorter time-steps to filter

both the acoustic and gravity wave modes. The spatial and temporal characteristics for the

atmosphere model grid are summarized and illustrated in Table 2.2 and Figure 2.1, respectively.
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Table 2.1: Atmosphere (WRF-ARW) model physical parametrization for all experiments in this
study.

Parametrization Long-wave Short-wave Micro- Planetary Cumulus
Radiation Radiation physics Boundary Layer Convection

Rapid Lin et. al., Dudhia Mellor-Yamada- Betts-Miller-
Radiative Janjic turbulent Janjic

Scheme Transfer kinetic-energy
Model (TKE)

(RRTM)

Table 2.2: Coupled-model atmosphere and ocean model grid-length resolution and time-step
attributes.

Component Models WRF-ARW HYCOM
Grid-length Resolution 8.806-km 1/12◦

Grid Dimension (X × Y × Z) 1083×565×36 1063×545×32
Time-step 30-seconds 300-seconds (baroclinic)

10-seconds (barotropic)

The vertical coordinate for the atmosphere model consists of 36 evenly-spaced η-levels. The

physical parametrization for the atmosphere model are provided in Table 2.1. The surface-layer

and land-surface physical parametrization are the Monin-Obukhov (Janjic) and thermal diffusion

schemes, respectively. The horizontal grid is centered at 55.4W, 28.575869N and constructed

using a Mercator map projection4. The WRF-ARW grid-length resolution is (nearly) 8.81-km

which is chosen to (nearly) co-locate with the ocean model grid (to be discussed in the following

section). An exact co-location of the respective model grids is not possible since the WRF-ARW

grid-length resolution is defined using units of kilometers while the ocean model grid-length is

defined using units of degrees longitude and latitude (see Appendix B).

4The true latitude value is defined as 8.0553504 N and the standard longitude for the projection is 55.44 W.
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Figure 2.1: The coupled atmosphere-ocean model co-located horizontal grids. The atmosphere
model (WRF-ARW) has a grid-length resolution of 8.81-km centered at 55.4W, 28.575869N and
dimension (X×Y×Z) 1083×565×36. The ocean model (HYCOM) has a grid-length resolution
of 1/12◦ (8.81-km) at the equator and dimension 1063×545×32. The WRF-ARW terrain field is
computed from a 30-arc-second topography while the ocean bathymetry is obtained from the
DBDB2.0 and is identical to a similar region within the NAVOCEANO global HYCOM (v.
90.3).

2.3.2 Ocean Model Description

The HYbrid Coordinate Ocean Model (HYCOM) [Bleck, 2002; Chassignet et al., 2003] simulates

the ocean response to the atmospheric forcing provided by the WRF-ARW. The spatial and

temporal configurations for the HYCOM model grid are summarized in Table 2.2 and illustrated

in Figure 2.1. An appealing aspect of HYCOM is the behavior of the model vertical coordinate.

Within stratified ocean regions, HYCOM’s vertical coordinate is defined using isopycnals (or

10



target densities). However, the vertical coordinate transitions to an ocean terrain-following (σ)

coordinate in shallow coastal regions. Finally, within the ocean mixed-layer (or un-stratified

seas), the vertical coordinate transforms to a isobaric coordinate. The target density isopycnals

are identical to those within the NAVOCEANO global HYCOM experiment 90.3 configuration.

Additional details pertaining to the HYCOM and the characteristics of the vertical coordinate

may be found in Chassignet et al., [2003] and references within. The HYCOM vertical coordinate

in this study is referenced to the 20-MPa (∼2000 m) potential density surface and is also identical

to that of the NAVOCEANO global HYCOM configuration (sigma-2). The horizontal grid is

a sub-region of the NAVOCEANO global HYCOM and thus has a grid-length resolution of

1/12◦ (approximately 8.81-km) at the equator and is defined using a Mercator map projection.

We note that the grid dimension of the ocean-model grid is shorter than the aforementioned

atmosphere-model grid dimensions. This feature guarantees that there exists an interpolated

atmosphere-model forcing variable value at each ocean grid cell. The OML physics are described

using the K-profile parametrization (KPP) [Large et al., 1994] chosen as a result of its skill

relative to observations and the alternative HYCOM OML physical parametrization, when

simulating the OML response before, during, and after TC passage [Halliwell, 2004; Prasad

and Hogan, 2007; Halliwell et al., 2008]. The drag-coefficient (Cd) is computed using the Kara

et al., [2000] formulation and it is noted that this formulation for Cd may not be optimal for

air-sea interactions within the immediate environment (i.e., convective rain-band and inward

of the radius of maximum winds) of a TC. However, for the remainder of this study we will

continue to apply the aforementioned formulation while future studies will explore the use of

alternative formulations for Cd [Powell et al., 2003; Moon et al., 2004].

2.3.3 Model Coupling Procedure

The coupling of the respective atmosphere and ocean models requires the use of third-party

software. Recent coupled-model experiments have been conducted using a variety of different

techniques. WRF-ARW has been coupled with the Regional Ocean Model System (ROMS)

[Shchepetkin and McWilliams, 2005] using the Model Coupling Toolkit (MCT) [Larson et

al., 2005; Jacob et al., 2005; J. Warner – personal communication] to study TC-like vortex

generation. A recent study to investigate the impacts of an evolving ocean boundary condition

during the GOM passage of TC Rita (2005) [Qiu et al., 2010] coupled WRF-ARW and HYCOM

using the Earth System Modeling Framework (ESMF). Various other coupling software exists

11



Figure 2.2: The atmosphere-ocean model coupling algorithm. During the coupled-model
simulation, the atmosphere model (WRF-ARW) integrates forward in time from t = t0 to t
= t0 + dt. The necessary atmosphere variables are interpolated to the ocean model (HYCOM)
grid to provide the forcing. HYCOM then integrates from t = t0 to t = t0 + dt. The SST
calculated by HYCOM at t = t0 + dt is then interpolated to the WRF-ARW grid and the
forward integration of the atmosphere model continues. The current architecture permits a
wave-model (e.g., WAVEWATCH-3 [Tolman, 1999a]) to also be coupled. However, the impacts
of ocean waves and sea-state are beyond the scope of this study.

to enable the exchange of information between 3-dimensional physical models describing various

geophysical systems (e.g., WRF-ARW and HYCOM and/or WRF-ARW and ROMS). These

include the NRL developed Model Coupling Executable Library (MCEL) [Bettencourt, 2002]

which requires minimal modification to the respective component models and uses a third-party

server (or host) to perform the model coupling. The coupling algorithm developed in this study

is similar to that of MCEL.

The coupling algorithm is illustrated in Figure 2.2 where the variables passed between
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respective models is indicated within the flow chart. The coupling proceeds as follows:

1. The atmosphere-model integrates from t = t0 to t = t0 +dt where t is the model time, t0 is

the initial time (for coupling), and dt is the coupling interval. This yields the atmospheric

variables which are required to force the ocean model (HYCOM).

2. The atmosphere variables for 10-meter wind (~V ), 2-meter temperature (T2m) and mixing

ratio (q2m), the net-downward long- (QLW ) and short-wave (QSW ) radiation flux, and the

precipitation rate (Ṙ) are interpolated to the HYCOM grid using bi-cubic splines [Press

et al., 1992] to insure both accuracy and smoothness for the interpolated variables. The

zonal- and meridional wind-stress vectors (τx and τy, respectively) are then computed on

the HYCOM grid using the same formulation as the NAVOCEANO global HYCOM [Kara

et al., 2000].

3. HYCOM integrates from t = t0 to t = t0 +dt and calculates a SST grid resulting from the

WRF-ARW supplied forcing.

4. The SST calculated by HYCOM is interpolated to the WRF-ARW model grid using bi-

cubic splines.

As stated previously, the HYCOM model grid has smaller horizontal dimension than the WRF-

ARW model. Therefore, SST values in the WRF-ARW domain which are beyond the extent

of the HYCOM grid are held constant for the duration of the forecast. This feature of the

coupled-model is found to result in minimal error since the number of grid cells in which the

SST is held constant is small (5-grid cells along each edge of the WRF-ARW domain) and

the TC experiments in this study are all within the interior of the coupled-model domain and

(sufficiently) far away from the grid edges5. This coupling procedure continues, at a coupling

interval equivalent to an integer multiple of the baroclinic ocean time-step (30-minutes) [R. He

– personal communication] for the duration of the coupled-model forecast period.

This coupling algorithm has been tested using several different parallel computing architec-

tures including the Florida State University (FSU) High-Performance Computing (HPC) facility,

the Pittsburgh Supercomputing Center (PSC), and various Beowulf Linux cluster configurations

thus demonstrating platform independence and portability between UNIX based computer

5The coupling algorithm is not optimal for simulations with time-scales beyond 5-days due to the influence
of the fixed SST boundary within the interior of the model domain.
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Table 2.3: Global analysis spatial and temporal resolutions for the variable grids which provide
both the atmospheric forcing during the ocean-model spin-up procedure and the initial and
lateral boundary conditions for the atmosphere-model during the case study experiments.

NCEP/NCAR ECMWF
Global Analysis (NCEP-2) JRA (ERA-

Interim)
Computational Grid 2.5◦×2.5◦ 1.125◦× (Gaussian 1.5◦×1.5◦

Horizontal Resolution Latitude)
Computational Grid 12-hours 12-hours 12-hours
Temporal Resolution

architectures. The incorporation of additional numerical models, such as an ocean wave-model

(WAVEWATCH-3, [Tolman, 1999a]), into the current configuration has been accomplished and

future applications will incorporate the use of a wave-model.

2.3.4 Initial and Lateral Boundary Conditions

The spatial and temporal resolutions for the atmosphere model initial conditions are listed in

Table 2.3 for each case study. The initial conditions for the HYCOM are obtained from a

local data archive containing the native (hybrid) coordinate model grids produced by the data-

assimilative NAVOCEANO global HYCOM. The atmospheric forcing for the NAVOCEANO

global HYCOM ocean forecast system [Chassignet et al., 2009] is obtained from the Navy

Operational Global Atmospheric Prediction System (NOGAPS) analyses. Thus, when an

alternative atmospheric analysis is used, imbalances between the respective atmosphere- and

ocean-model initial states may exist. Therefore, the HYCOM analysis (initially defined by

the NOGAPS) is forced using the respective global analysis (listed in Table 2.3) beginning

5-days prior to the initial time for the experiment. This permits the ocean-model state to

adjust according to the depiction of the atmospheric state defined by the respective analysis.

As a result, there will exist a better balance between the atmosphere- and ocean-model initial

states when the respective experiments commence. After this period, the NAVOCEANO global

HYCOM SST valid at the respective experiment’s initial time is interpolated to the WRF-ARW

grid and is held constant (within the exterior 5-grid cells) for the duration of the respective

coupled-model forecast. The HYCOM SST grid resulting from the 120-hour ocean-model spin-

14



Figure 2.3: The normalized domain mean OML KE time-series for the HYCOM response to
the respective global analysis atmospheric forcing (denoted by line shading and annotated in
legend) applied for the TC Bertha (0000 UTC 10 July through 0000 UTC 15 July 2008) case
studies presented in this manuscript. The ocean model spin-up (dotted-line) corresponds to the
5-day (120-hour) pre-forecast period when the ocean-model (HYCOM) is forced (i.e., without
ocean feedback to the atmosphere-model) using the respective global analysis variables in order
to generate a SST boundary-condition that is balanced with respect to the atmosphere-model
initial conditions. The ocean-model forecast (following the 120-hour pre-forecast spin-up) KE
time-series is denoted by the dashed-line while the coupled-model forecast (also following the
120-hour pre-forecast spin-up) KE time-series is illustrated by the solid-line.

up, is interpolated to the WRF-ARW SST (and skin-temperature) variable array thus defining

the initial SST boundary condition for the respective coupled-model experiment. Figure 2.3

illustrates the HYCOM domain-mean normalized kinetic-energy (KE) time-series for the OML,

respectively for each case study experiment. The respective KE time-series are normalized by the

maximum KE values for each corresponding time-series. The ocean-model spin-up refers to the

5-day period (prior to the commencement of the respective experiment) when the ocean-model

is forced by the global analysis variables only (i.e., without ocean feedback to the atmosphere).
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During this period, large oscillations in the KE time-series are illustrated and are a result of

the previous ocean-model state (at t=0 of the ocean-model spin-up period) which was balanced

with respect to the NOGAPS atmospheric analysis. After the 120-hour pre-forecast ocean-model

spin-up period, the oscillations are reduced suggesting that the imbalances which exist between

the respective atmosphere- and ocean-model initial conditions have been reduced.

The main advantage of the aforementioned methodology and the utilization of ocean-

model initial conditions derived using a data-assimilative ocean prediction system (HYCOM)

[Chassignet et al., 2009] is the reduction of computational cost (relative to computer wall-

clock time and resources) that is required to spin-up the ocean-model from an initial state

previously based on a climatology. A climatological ocean-model spin-up procedure requires

nearly 1-month of model simulation time to achieve an ocean-model initial state which is

consistent with respect to the atmosphere-model and the available observations [Bender et al.,

2007; Yablonsky and Ginis, 2009]. When applying the algorithm presented in this study, the

additional computational time required to define an appropriate balanced state is nearly 1/6

the computational cost required by the methodologies discussed by the previous studies. As a

benchmark, using 58 dual quad-core 2.3 GHz Opteron processors (each with 2 GB of RAM),

approximately 1-hour of additional compute (wall-clock) time is required (in addition to the

respective coupled-model forecast) to define the initial HYCOM state. However, we note that

if the same atmospheric analyses which are used to force the NAVOCEANO global HYCOM

(NOGAPS) are available for the atmosphere-model (WRF-ARW), this step is not required6. As

a result of these procedures to define the ocean initial conditions, the upper-ocean (and OML)

have both mass and momentum variable profiles which are balanced relative to the atmospheric

boundary-layer characteristics described by the respective global analysis variables.

2.4 Experiment Design, Results, and Evaluation

TC Bertha (2008), on 10 July, had recently re-intensified to a Saffir-Simpson Hurricane Scale

category 1 hurricane within an area of reduced atmospheric wind-shear. During the time period

11 July to 12 July, Bertha (2008) slowly moved northward where the TC encountered a region of

colder water temperatures and weak atmospheric steering currents. As a result, the TC forward

motion nearly stalled and it subsequently began weakening to a tropical storm on 13 July. The

NHC/TPC TC report [Rhome, 2008] suggested that the oceanic upwelling and cooling induced

6At the time of this study, the capability of WRF-ARW version 2 to apply the NOGAPS analyses had not
been realized.
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Figure 2.4: (a) The observed (MISST) SST response (i.e., maximum temperature change during
model forecast period) for TC Bertha (2008). The horizontal resolution of the MISST is 25-km.
(b) The observed QuikSCAT (QSCAT) surface wind swath for TC Bertha (2008). The observed
(HBTRA) positions and track for TC Bertha (2008) during this time-period are denoted by the
cyclone symbol positions and solid lines respectively.

within the OML (resulting from a nearly stationary TC Bertha (2008) on 13 July) contributed

significantly to the weakening for TC Bertha (2008). On 14 July, TC Bertha (2008) resumed

it’s previous northward motion and on 15 July began a turn to the east.

A series of experiments for TC Bertha (2008) are designed to investigate the role which the

SST boundary condition contributes to the evolution of the respective TC’s track, intensity, and

structure. Also investigated is the subsequent impact of the respective TC vortex on the upper-

ocean. The period of interest, as stated previously, is 0000 UTC 10 July through 0000 UTC 15

July. The observed track positions for TC Bertha (2008) are obtained from the Hurricane Best-

Track Reanalysis (henceforth, HBTRA) [Jarvinen et al., 1984] while the observed time-series

for TC Bertha’s (2008) maximum wind-speed intensity (VMAX), minimum sea-level pressure

(MSLP), and translational velocity accompany the diagnostic results for each experiment. The

SST cold-wake and maximum surface wind-speed magnitude swaths are illustrated in Figures

2.4a and 2.4b, respectively.

The tropical cyclone heat potential (henceforth TCHP [Leipper and Volgenau, 1972] but also
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referenced as OHC [E. Uhlhorn – personal communication; J. Price – personal communication])

is a diagnostic variable which quantifies the available energy within the upper ocean for a TC

and is used as a predictor variable for statistical hurricane intensity schemes (SHIPS; [DeMaria

et al., 2005]). For each numerical experiment in this study, the TCHP is computed as:

TCHP =

∫ z(0)

z(D26)

cpρ(T − 26◦)dz (2.1)

where cp is the specific heat capacity for sea-water (calculated according to Gill [1982]) and ρ

and T are respectively the water-mass density and temperature within the ocean-model layer.

The limits for the integral are the depth of the 26◦C isotherm (z(D26)) and the sea-surface

(z(0)). Finally, the response for the respective SST and TCHP quantities (∆H) is computed as:

∆Hi,j

∣

∣

∣

t=T

t=0
= max (Hi,j)

∣

∣

∣

t=T

t=0
− min (Hi,j)

∣

∣

∣

t=T

t=0

where H is the analysis variable (either SST or TCHP) and (i, j) corresponds to the respective

(x, y) horizontal grid coordinate. The response is computed during a temporal period of interest

(e.g., from t=0 to t=T ) for each experiment.

2.4.1 Model Track Predictions

Figure 2.5 illustrates the TC vortex positions collected from the HBTRA (×; observed), the

global analysis TC positions (�; HYCOM, ocean-only experiment), the atmosphere-only ( •;

WRF-ARW), and the coupled-model (N; WRF-ARW/HYCOM) simulation positions. The TC

vortex positions for the global analysis and the respective simulation results are computed

using the NCEP tracking algorithm [Marchok, 2002]. The resulting TC track positions for the

atmosphere and coupled-model experiments are subsequently quality-controlled to insure that

the TC vortex has (1) not moved more than 120-km between successive 1-hour time-intervals

and (2) has a minimum central sea-level pressure of less than 1020-hPa. The number of forecast

hours, relative to the model initialization (0000 UTC 10 July) are indicated by the color shading.

The TC track position results suggest that as the resolution of the (global analysis) initial

conditions increase (see Table 2.3), the (atmosphere and coupled) model representation for

TC Bertha (2008) improves and thus the temporal period resolved by the tracking algorithm

increases. The most-coarse global analysis – the NCEP/NCAR (NCEP-2) analysis (Figure

2.5a), sustains TC Bertha (2008) for 21- and 46-hours within the atmosphere and coupled-model

results, respectively. The trajectory for the respective atmosphere and coupled-model predicted
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Figure 2.5: The HBTRA (observed; ×), global analysis (ocean-only; �), atmosphere-only model
(•), and coupled-model (N) track positions for TC Bertha (2008) beginning 0000 UTC 10 July
and ending 0000 UTC 15 July. The forecast hours relative to the initial time are indicated by the
color shading. The respective panels correspond to the experiments using the (a) NCEP/NCAR
analysis (NCEP-2), the (b) JRA analysis, and the (c) ECMWF (ERA Interim) analysis.

21



TC vortex positions are at nearly right-angles to the observed and global analysis trajectories.

This suggests that the global analysis TC intensity is very weak at model initialization and as

the atmosphere models evolve, the TC vortex is advected by shallower steering currents [Velden

and Leslie, 1991] resulting in the illustrated tracks. An alternative explanation (however just

as feasible) is that the initial intensity for the TC is so weak that the tracking algorithm has

followed a near-by atmospheric feature with a more substantial warm-cored structure (which

the tracking algorithm seeks) than the NCEP/NCAR (NCEP-2) representation for TC Bertha

(2008). Alternative tracking algorithms, which use the minimum sea-level pressure and the

maximum surface vorticity as the tracking metrics, resulted similar trajectories.

Figure 2.5b illustrates the observed, analysis, atmosphere-only, and coupled-model resultant

track predictions for TC Bertha (2008) using the JRA global analysis to define the initial and

lateral boundary-conditions. The respective atmosphere and coupled-model forecast trajectories

are nearly identical and suggest that the SST boundary condition has a minimal impact upon the

trajectory for the storm. The weakness of the JRA analysis for this case of TC Bertha (2008),

is that the initial TC intensity seems too intense for the ambient environment to support and as

a consequence is subject to an adjustment which is discussed further in the following section).

Following the adjustment period, the TC vortex quickly weakens and the tracking algorithm is

unable to follow the TC vortex beyond 49- and 45-hours for the atmosphere and coupled-model

predictions respectively. Despite the spin-down of the initial TC vortex, the results provided

by Figure 2.5b are more intuitive than the results illustrated in Figure 2.5a. The atmospheric

forcing provided by the TC largely dictates the response (i.e., SST cooling) of the upper-ocean

[Chang and Anthes, 1979; Price, 1981; Black, 1983; Shay et al., 1992; D’Asaro et al., 2007]. The

cooling of the upper-ocean reduces the transfer of mass and momentum flux from the ocean to

the atmosphere (via fluxes) and thus reduces the surface energy available to the TC. Previous

(real-case) modeling studies [Bender et al., 1993; Bao et al., 2000] have demonstrated that the

TC’s intensity response to the changing SST boundary condition is a weakening of the TC

vortex when compared to experiments using a static (non-evolving) SST boundary condition.

Therefore, we conclude that the evolving SST is reducing the transfer of latent heat to the

TC vortex within the coupled-model and as a result is reducing the intensity. The intensity is

decreasing at a quicker rate than the atmosphere model TC vortex (which is responding only

to the non-evolving SST) and reaching the imposed quality-control threshold values for the

tracking algorithm sooner.

Finally, Figure 2.5c illustrates the TC trajectories computed from the ECMWF (ERA
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Interim) analysis experiment. The tracking algorithm [Marchok, 2002] is able to follow the

atmosphere-only and coupled-model simulated TC vortices for 120-hours suggesting considerable

improvement regarding the global analysis representation for the TC and the TC environment.

Several factors, perhaps the most important being the grid-length resolution (1.5◦×1.5◦) and

the balanced initial TC vortex from the ECMWF (ERA Interim) versus the attributes for the

other analyses are the likely explanation for this result. This factor is explored further in the

subsequent sections.

2.4.2 Along-Track TC Diagnostics

Figure 2.6 illustrates the along-track diagnostic variables computed from the respective exper-

iments. Figure 2.6a is the along-track minimum sea-level pressure (MSLP) time-series while

Figure 2.6b illustrates the along-track near-surface (10-meter) maximum wind-speeds (VMAX)

time-series, both of which are estimated by the NCEP tracking algorithm [Marchok, 2002]. The

static SST (atmosphere only) and the evolving SST (coupled-model) experiment results are

illustrated by the dashed- and dotted-lines, respectively. Figure 2.6c illustrates the track error

time-series which is defined as the distance between the temporally co-located experiment and

HBTRA TC track positions. The dotted-line is the trajectory comparison for the global analysis

(ocean-only) and coupled-model simulation results. The dashed-line is the result of the coupled-

model TC trajectory compared to the HBTRA position [Jarvinen et al., 1984]. The solid line

is an inter-comparison of the atmosphere-only (static-SST) and coupled-model (evolving SST)

simulations. The colored lines indicate the respective global analysis defining the initial and

lateral boundary-conditions for each experiment while the solid black line provides the HBTRA

MSLP (Figure 2.6a), VMAX (Figure 2.6b), and translational velocity (Figure 2.6d) time-series

for TC Bertha (2008) [Jarvinen et al., 1984]. A discussion of the MSLP and VMAX time-series

is provided in this section while the track-error (Figure 2.6c) translational velocity time-series

motivates an inter-comparison of the respective atmosphere-only, ocean-only, and coupled-model

results provided in the subsequent sections.

The initial conditions (0000 UTC 10 July) for both the NCEP/NCAR (NCEP-2) and

ECMWF (ERA Interim) have similar intensities for TC Bertha (2008). There is a small

adjustment during the first six-hours of model integration, likely as a result of the onset of

convection and/or precipitation within the NWP model as well as the change in grid-length

resolution. Examining the resultant MSLP time-series for the NCEP/NCAR (NCEP-2), the
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Figure 2.6: The along-track TC Bertha (2008) diagnostic variable time-series beginning 0000
UTC 10 July and ending 0000 UTC 15 July for (a) TC minimum sea-level pressure intensity, (b)
TC maximum 10-meter wind-speed intensity, (c) TC relative track position error, and (d) TC
vortex translational velocity. The colored lines indicate the respective global analysis providing
the initial and lateral boundary-conditions for each experiment indicated by the different line-
styles.
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tracking algorithm continues to follow the NCEP/NCAR (NCEP-2) coupled-model simulation

TC longer than that in the atmosphere only simulation, which is contrary to the expected results

as suggested by previous studies [Bender et al., 1993; Bao et al., 2000]. Based on the very weak

initial and subsequent intensities (as well as the trajectory; Figure 2.5a), we conclude that the

TC within the NCEP/NCAR (NCEP-2) initial conditions is too weak (or non-existent) in order

for the respective atmosphere and coupled-model simulations to sustain. This further supports

the hypothesis that the tracking algorithm has located a grid-point in the vicinity of the initial

position provided to the NCEP tracker [Marchok, 2002] for TC Bertha (2008) which has been

determined to be more representative of a tropical (or warm-cored) vortex when compared to

the surrounding points. As a result, the tracking algorithm subsequently traces the trajectory

of this feature thus leading to the atmosphere and coupled-model simulation results provided

in Figure 2.5a. The time-series of maximum near-surface (10-meter) winds (VMAX) for the

experiments using the NCAR/NCEP (NCEP-2) global analysis also support this conclusion by

indicating a very weak VMAX (less than or equal to 18 kts) during the tracking period.

The MSLP and VMAX time-series for the JRA simulations illustrate the (traditional)

characteristics of a geostrophic adjustment period [Gill, 1982; Pedlosky, 1986]. During the

first 18- to 24-hours for the respective atmosphere-only and coupled-model simulations, there

is a nearly 20-hPa weakening (or spin-down) from the initial (t=0) TC MSLP while the wind-

speed (VMAX) also adjusts and subsequently weakens approximately 10-kts. This suggests that

the initial conditions for TC Bertha (2009) defined by the JRA TC vortex bogussing procedure

[Ueno, 1989] contain imbalances with respect to the synoptic-scale environment within the JRA

analysis. As a result, the respective simulations are unable to maintain the initial intensity

for the TC vortex. Although the reasons for the TC vortex spin-down are beyond the scope

of this study, the importance of a physically consistent initial state (with respect to the TC

vortex environment and the NWP model’s grid-length resolution and physical parametrization)

is noted and will be addressed in future studies (see Chapter 3).

The MSLP timeseries for the ECMWF (ERA Interim) simulations exhibit similar trends for

weakening and deepening when compared to the observation time-series. Further, the time-

series for the atmosphere-only and coupled-model simulations are nearly identical through the

first 72-hours but subsequently begin to diverge. The impact of an evolving SST boundary

condition is illustrated by the weakening of TC Bertha (2008) (albeit small) during the latter

hours for the respective experiment. The results illustrated in Figures 2.5c, 2.6c, and 2.6d (i.e.,

the small track errors and similar translational velocities) suggest that the impact of the evolving
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SST boundary condition (relative to TC Bertha) becomes non-negligible beyond 72-hours. This

result is consistent with findings in previous coupled-model studies [Hodur, 1997]. This does not

suggest that the influence of the evolving SST is not experienced by the TC during the initial

72-hours but rather the impact of the evolving SST for the respective intensity metrics (MSLP

and VMAX) become obvious beyond 72-hours.

Quantifying the impact of the respective analysis’ representation of the TC (i.e., grid-length

resolution) does not seem possible using the metrics presented above. However, the following

sections address the impact of the initial conditions for each component of the coupled-model.

The respective experiments for TC Bertha (2008) are compared using Taylor Diagrams [Taylor.

2001]. A (brief) explanation for the construction of the Taylor Diagrams is provided in Appendix

C.

2.4.3 Atmosphere Model and Coupled Model Intercomparison

In this section we evaluate the impact which the evolving SST boundary condition has for both

the synoptic-scale environment surrounding TC Bertha (2008) as well as the respective TC

vortex. These comparisons and conclusions are derived from the atmosphere-only and coupled-

model simulation results. The synoptic-scale impact for the evolving SST boundary condition

is assessed using the maximum potential intensity (MPI) metric formulated by Emanuel [1988]

while the TC vortex relative impacts are determined through an analysis of the near surface

mass (MSLP) and momentum (VMAX) variable swaths computed from the results of each

experiment.

The MPI is computed using the formulation of Emanuel [1988] and the numerical routine

provided at ftp://texmex.mit.edu/pub/emanuel/TCMAX/. The MPI metric is estimated

relative to the respective TC vortex positions provided in Figure 2.5. Figure 2.7 provides a Taylor

Diagram analysis for the along-track MPI estimated from the (a) NCEP/NCAR (NCEP-2), (b)

JRA, and (c) ERA Interim (ECMWF) atmosphere-only and coupled-model experiment results.

When constructing the respective Taylor Diagrams, the atmosphere-only MPI result is assumed

to be the observation (truth) while the coupled-model is the experiment (forecasted). Further,

the statistical calculations are performed only when the respective observed and forecasted TC

vortex positions are temporally co-located within 300-km of each other (see Figure 2.6c). We

compute the MPI using only ocean grid beyond 600-km and within 1200-km of the respective

TC vortex position since the MPI calculation is not appropriate for grid points influenced by

the TC.
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Figure 2.7: Taylor Diagrams illustrating the along track environmental MPI from the results for
the (a) NCEP/NCAR (NCEP-2), (b) JRA, and (c) ECMWF (ERA Interim) experiments for TC
Bertha (2008). The x-axis is the normalized atmosphere-model (observed) standard deviation
while the y-axis is the normalized coupled-model (forecasted) standard deviation. The arc is
the (Pearson) spatial correlation axis for the atmosphere and coupled-model simulations. The
colored arcs indicate the atmosphere-model standard deviation as a function of model forecast
hour. The color-filled circles indicate the corresponding coupled-model standard deviation and
the spatial correlation between the observed and the experiment MPI values.

28



For each of the experiments there exist similar trends. The most notable being the agreement

(suggested by the respective standard deviation arcs and spatial correlation values) during

the early hours for each atmosphere-only and coupled-model simulation. This is expected

since each NWP simulation begins from an identical set of initial conditions (see §2.3.4).

As the integration for the respective NWP model continues, the spatial correlations between

the observed (atmosphere-only) and forecasted (coupled-model) simulation decreases. This

result is also expected since the SST (which acts as a modulator for the exchange of mass

(energy) between the atmosphere and ocean [Emanuel, 1986]) is varying for the coupled-model

experiments while it remains fixed (static) during the atmosphere-only simulations. The spatial

correlation reduction, however, is modest (e.g., the smallest correlation being ∼ 0.88 at forecast

hour 78 of the ECMWF coupled-model simulation) for each case which suggests that the impact

of the evolving SST boundary-condition is small for the synoptic scale environment. However,

consistent with the results from previous studies [Bender et al., 1993; Bao et al., 2000], the

evolving SST does act to decrease the MPI within the synoptic scale environment surrounding

the TC.

Figure 2.8 illustrates the 10-meter maximum wind-speed (shaded) and minimum sea-level

pressure (contour) swaths for the TC Bertha (2008) atmosphere-only (left) and coupled-model

(right) experiments. Similar to Figure 2.7, the global analysis fields providing the initial

and lateral boundary-conditions are the (a) NCEP/NCAR (NCEP-2), (b) JRA, and (c) ERA

Interim (ECMWF). The respective NWP experiment TC Bertha (2008) trajectories and the

corresponding forecast hour are denoted at 12-hour intervals by the black lines and black filled

circles.

The results for the atmosphere-only and coupled-model simulations, using the NCEP/NCAR

(NCEP-2) analysis, are nearly identical. As stated previously, while also suggested by Figure

2.5a, the NCEP/NCAR (NCEP-2) initial condition representation for TC Bertha (2008) is very

weak and as a result the impact of the evolving SST boundary-condition appears negligible (as

suggested by Figure 2.7a).

Figure 2.8b illustrates the 10-meter maximum wind-speed and MSLP swaths from the

atmosphere-only and coupled-model experiments using the JRA analysis. As illustrated in

Figure 2.6a, the TC vortex spins-down during the first 18- to 24-hours of model integration,

suggesting the existence of an imbalance between the mass and momentum model state variables

(likely resulting from the bogus vortex procedure [Ueno, 1989]). The higher wind-speeds

(indicated by the respective swaths) act to enhance the friction velocity (U∗) thus leading to an

29



30

(a) 36N 

34N 

32N 

30N 

28N 

26N 

24N 

22N 

20N 

18N 

72W 68W 64W 60W 

(b ) 36N 

34N 

32N 

30N 

28N 

26N 

24N 

22N 

20N 

18N 

ＧｾｶＰｶｾｾｾｾｾｾｾｾｾｾｾｾｾｾｾｾＤｾＤ＠
Wind Speed (kts) 

72W 68W 64W 60W 72W 68W 64W 60W 

ＧｾｶＰｶｾｾｾｾｾｾｾｾｾｾｾ ｾｾ ｾｾｾＤｾＤ＠
Wind Sp ee d (kts) 

36N 

34N 

32N 

30N 

28N 

26N 

24N 

22N 

20N 

18N 

36N 

34N 

32N 

30N 

28N 

26N 

24N 

22N 

20N 

18N 



Figure 2.8: The maximum 10-meter wind-speed (shaded) and minimum sea-level pressure
(contour) swaths during each 120-hour experiment for TC Bertha (2008). The different panels
correspond to the (a) NCEP/NCAR (NCEP-2); (b) JRA; and (c) ECMWF (ERA Interim)
experiments. The TC track positions, computed for each atmosphere-only (left) and coupled-
model (right) simulation are denoted by the black lines and black filled circles. The track
position interval is 12-hours while the corresponding simulation forecast hour is denoted by the
respective number.

enhancement for the upper-ocean mixing during the initial 18- to 24-hours of model integration.

This introduces cooler sub-surface water in the OML (via either entrainment or upwelling) and

leads to a reduction in the SST. As a result, the air-sea temperature difference is reduced and

subsequently limits the available (latent-heat) energy for the TC. The physical mechanisms

responsible for this phenomenon are conceptualized by Price [1981] and are further addressed

when the ocean-only (HYCOM) and coupled-model experiment ocean responses (during TC

passage) are evaluated within this manuscript.

Figure 2.8c provides the most profound impact for an evolving SST boundary-condition
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during the TC Bertha (2008) experiments. We reiterate that the highest resolution of all the

global analysis providing the initial and lateral boundary conditions in this study is the ERA

Interim (ECMWF). After approximately 72 hours, the impact of the SST boundary-condition

is evident. The MSLP for the atmosphere-only simulation is approximately 1010.5 hPa and

occurs at forecast hour 87 while the MSLP for the coupled-model simulation is 1012.0 hPa and

occurs 5-hours prior. Both of these occurrences are during the aforementioned stall period.

Although, as illustrated in Figure 2.6d, the ERA Interim (ECMWF) coupled-model forecast

does not stall, the translation velocity is small enough (i.e., ∼ 3 kmhr−1) such that the upper-

ocean is impacted via entrainment mixing and cold-water upwelling. The reduction in VMAX

and weakening MSLP swath values (see Figure 2.8c) in response to the evolving SST boundary

condition are consistent with the conclusions from previous studies [Bender et al., 1993; Bao et

al., 2000].

2.4.4 Ocean Model and Coupled Model Intercomparison

The response of the ocean to the passage of the TC is primarily observed within the OML.

The atmospheric planetary boundary-layer and the OML communicate through the exchange

of mass and momentum fluxes. The momentum fluxes primarily occur in the form of surface

wind stress. The surface wind stress parametrization used in this study is:

τ = ρU2
∗

= ρCdU
2
10 (2.2)

where ρ is the air-density, U∗ is the (surface) friction velocity, Cd is the (surface) drag-coefficient,

and U10 is the 10-meter wind velocity [Kara et al., 2000]. As noted by Powell et al., [2003],

the behavior for Cd has yet to sufficiently observed during high-wind (i.e., TC) conditions and

as a result must be extrapolated from the low-wind speed derived bulk formulations [see (2.2);

Kara et al., 2000] when applied within NWP models. The friction velocity within the bulk

formulation is computed as:

U∗ =
√

τ/ρ (2.3)

where τ is the surface wind-stress. The (surface) friction velocity maximum value swaths,

depicted in Figure 2.9, depict very different structures for the ocean-only and the coupled-

model simulations thus permitting an opportunity to evaluate the sensitivity for the upper-ocean

response to the TC vortex induced forcing.

32



33

36N 

34N 

32N 

30N 

2BN 

26N 

24N 

22N 

20N 

1BN 

72W 6BW 64W 60W 

0.01 0 .39 0 .?? 1.1 5 1.53 1.91 2.29 2.6? 3.00 

Friction Velocity (m s-') 

(b )36N 36N 

34N 34N 

32N 32N 

30N 30N 

2BN 2BN 

2BN 26N 

24N 24N 

22N 22N 

20N 20N 

IBN 1BN 

72W 68W 64W BOW 72W BBW 64W BOW 

0 .01 0 .39 0 .?? 1.1 5 1.53 1.9 1 2 .29 2 .6? 3 .00 

Friction Ve loc ity (m s -') 



Figure 2.9: The maximum friction velocity swaths during the 120-hour forecasts for the ocean-
only (left) and coupled-model (right) (a) NCEP/NCAR (NCEP-2), (b) JRA, and (c) ECMWF
(ERA Interim) experiments. The TC track positions are denoted by the black lines and black
filled circles. The track position interval is 12-hours and the corresponding simulation forecast
hour is denoted by the respective number.

The ocean response during the passage of TC Bertha (2008) is evaluated via a comparison of

the respective model simulated SST and the 12-hour (1/2 inertial period; Price, 1981]) changes

in TCHP after the TC passage. Similar to the calculations in the previous section, a model

inter-comparison is made only when the TC vortex positions are temporally co-located within

300-km. Figure 2.10a illustrates the along-track SST comparisons for each ocean-only and

coupled-model experiment. For the experiments using the NCEP/NCAR (NCEP-2) analysis, the

aforementioned criteria for inter-comparison is fulfilled for only a short-period of time. Further,

referencing Figure 2.9a, we note that the U∗ forcing values are nearly identical thus explaining

the (general) agreement for the ocean-only and coupled-model SST values. It is not until

approximately 48-hours (0000 UTC 12 July 2008) that the U∗ begins to increase. However,

the respective TC vortices no-longer meet the temporal co-location criteria and therefore a
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Figure 2.10: Taylor Diagrams illustrating the along track SST response to TC Bertha (2008)
from the (a) NCEP/NCAR (NCEP-2), (b) JRA, and (c) ECMWF (ERA Interim) experiment
results. The x-axis is the normalized ocean model standard deviation while the y-axis is the
normalized coupled-model standard deviation. The arc denotes the (Pearson) spatial correlation
for the ocean-only (HYCOM) and coupled-model simulations. The colored arcs indicate the
ocean-only experiment standard deviation as a function of model forecast hour. The color filled
circles indicate the coupled-model standard deviation and the spatial correlation between the
ocean-only (HYCOM) and coupled-model results.
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Figure 2.11: Taylor Diagrams illustrating the along track 12-hour (1/2 inertial period) TCHP
response from the ocean-only (HYCOM) and coupled-model (a) JRA and (b) ECMWF (ERA
Interim) experiments for TC Bertha (2008). The x-axis is the normalized ocean-only model
standard deviation while the y-axis is the normalized coupled-model standard deviation. The arc
denotes the (Pearson) spatial correlation between the ocean-only and coupled-model simulations
while the color filled circles indicate the respective coupled-model forecast hour standard
deviation and spatial correlations for the ocean-only and coupled-model results.

statistical comparison is not made.

Figure 2.10b depicts the along-track SST comparisons for the respective ocean-only and

coupled-model experiments using the JRA analysis variables. Analyzing Figure 2.9b we see a

large difference between the JRA and the coupled-model estimated U∗ forcing. As a result, the

structure of the corresponding along-track SST diverges nearly immediately and continues to

do so as the respective forecast progresses. Although the temporal co-locations are short-lived,

the differences for the between the respective ocean-only and coupled-model predicted SST

variances appears to vary linearly in time. Further, the temporal period of co-location is too

small to draw definitive conclusions regarding the absolute impact of the respective TCs on the

corresponding SST response, the sensitivity of the upper-ocean response to varying TC vortex

surface wind-field (and varying the friction velocity) structures and intensities is suggested.

The duration for the ERA Interim (ECMWF) ocean-only and coupled-model simulated TC

vortices permits the SST response to the TC induced forcing to be investigated for an extended
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Figure 2.12: The maximum change in SST during the 120-hour forecasts for the ocean-only (left)
and coupled-model (right) (a) JRA and (b) ECMWF (ERA Interim) experiments for TC Bertha
(2008). The TC track predictions are denoted by the black lines and black filled circles. The
track position intervals is 12-hours and the corresponding simulation forecast hour is denoted
by the respective number.
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temporal period since the temporal co-location criteria is upheld for nearly 105-hours. Although

the structure and intensity of the friction velocity swathes are appreciably different (particularly

at later times), the spatial structures and correlations do not appreciably vary (e.g., a minimum

correlation coefficient of approximately 0.94). This helps to formulate (at least) two plausible

reasons for the differences: (1) the atmospheric forcing induced upon the upper-ocean is not

sufficient to cause an appreciable change in the SST structure (i.e., the generation of a SST

cold-wake) or (2) there exists a lag between the passage of the TC and the subsequent ocean

response. From the analysis and conclusions formulated from Figures 2.9c and 2.10c, evidence

to support the first-hypothesis is not substantiated and encourages a deeper investigation of the

second hypothesis.

Figure 2.11 compares the 12-hour (1/2 inertial period) change in the TCHP following the

passage of each respective experiment’s TC vortex. Similar to the construction of the previous

Taylor Diagrams, an inter-comparison is made only when the respective TC’s are temporally

co-located within 300-km of each other. The TC vortices in the NCEP/NCAR (NCEP-2) ocean-

only and coupled-model experiments do not fulfill the aforementioned criteria beyond 8-hours

(see Figure 2.6) and therefore a Taylor Diagram is not constructed. Revisiting Figure 2.9b and

examining the 12-hour TCHP change illustrated in Figure 2.11a, we note that as the structure

and magnitudes for the surface forcing (wind-speed and friction velocity) vary, the subsequent

(12-hour) response in the TCHP also varies. The 1/2 inertial period along-track TCHP change

suggests that the dissipation of energy within the OML is very sensitive to the forcing supplied

by the respective TC. This is substantiated by the decreasing spatial correlation coefficient values

illustrated in Figure 2.10b. It is noteworthy to state that the momentum forcing supplied to the

upper-ocean (and OML) becomes very different as the time relative to the model’s initialization

increases. This is attributed the aforementioned bogus vortex technique [Ueno, 1989]. The

differing structures for the atmosphere momentum forcing appear to have a dramatic impact on

the TCHP response and thus the TC’s subsequent feedback into upper-ocean and as a result

the OML response to the TC.

Figure 2.11b is similar to Figure 2.11a except that it illustrates the results for the ERA

Interim (ECMWF) analysis experiments. Figure 2.9c illustrates that although the trajectories

for each experiment’s TC vortex are similar, the surface momentum forcing are different. As a

result, the 12-hour TCHP change following the passage for the respective TC are quite different

(as suggested by Figure 2.11b). An interesting feature illustrated by these results are the spatial

variance similarities during the respective TC vortex stall periods (see Figure 2.6d). During
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this period, the spatial correlations remain about 0.8 but begin to (slowly) decrease as the

translational velocity begins to increase. Once the respective TC vortices resume their forward

motion, the spatial variances once again diverge as the spatial correlations continue to decrease.

The results for the ERA Interim (ECMWF) experiments reaffirm the conclusions suggested from

the JRA experiment results that the surface momentum forcing has a non-negligible impact upon

the response of the upper-ocean.

Finally, Figure 2.12 provides the maximum SST change (∆SST) during the respective JRA

(a) and ERA Interim (ECMWF; b) experiments. For each experiment, the synoptic scale SST

variability during the forecast period is small (i.e., on the order of 0.5◦C with the exception of

the frontal passage impact near the northern boundary of the region of interest) while the ∆SST

appears to be a function of both the magnitude (see Figure 2.6a) and duration (see Figure 2.6d)

of the TC induced surface momentum forcing. These results are consistent with the results from

idealized studies [Price, 1981; Yablonsky and Ginis, 2009] and the real-case studies conducted

by Bender et al., [1993] and Bender et al., [2007].

2.5 Conclusions and Future Investigations

During recent years there has been a great deal of discussion related to the ocean’s role in TC

prediction. Further, there has been increasing efforts to include an evolving ocean (i.e., SST)

boundary condition within the operational TC NWP models. The reasons are related to the

ocean’s various feedbacks during the TC life-cycle which has been shown to have (an often

profound) impact upon the upper-ocean mixing dynamics and the subsequent cooling of the

SST [Chang and Anthes, 1978; Chang and Anthes, 1979; Price, 1981; Black, 1983; Ginis and

Dikinov, 1989; D’Asaro et al., 2007]. The TC induced SST cooling has resulted in variations

to the respective TC’s track and intensity as demonstrated by both idealized [Emanuel, 1986]

and real case-study [Ginis et al., 1989; Bender et al., 1993; Bao et al., 2000; Qiu et al., 2010]

experiments. However, although the ocean’s interaction with the TC cannot be neglected,

the question remains as to why a coupled atmosphere-ocean model (alone) cannot explain the

continuing difficulties related to TC prediction using NWP models.

In this study the development of a coupled atmosphere-ocean model, using the current state-

of-the-art atmosphere (WRF-ARW) and ocean (HYCOM) models, is discussed. Included is

a unique coupling methodology – which has demonstrated across-platform compatibility and

a (simple) procedure to generate upper-ocean (e.g., OML and SST) initial conditions which
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are (quasi-)balanced with respect to the analysis variables which define the initial and lateral

boundary-conditions for the atmosphere model. A single case study, TC Bertha (2008) 0000

UTC 10 July - 0000 UTC 15 July, is selected based on the observed and noted impacts upon

the upper-ocean and the subsequent response of the TC. More specifically, the results contained

within this study demonstrate the impacts which: (1) an evolving SST boundary condition has

for the prediction of the NWP model TC track, structure, and intensity; and (2) the ocean

sensitivity (i.e., ocean response) to various initial condition representations for the respective

TC vortex.

The track forecasts for the respective experiments illustrated in Figure 2.5 suggest that the

SST boundary condition does not play a significant role for determining the short-term (e.g.,

0- to 72-hour) motion for TC Bertha. The (small) differences in track forecasts, particularly

at later forecast hours, is likely a result of the modest differences in the TC attributes (i.e.,

intensity and translational velocity; shown in Figure 2.6) which lead to the vortex having been

advected by different steering currents (as discussed by Velden and Leslie, [1991]). The results

illustrated in this study also provide evidence that the evolving SST boundary condition has

a significant impact on only the (immediate) TC environment (i.e., with 600-km of the vortex

center) while synoptic-scale environment remains unchanged. In addition, the results contained

within suggest that the upper-ocean response (e.g., SST and more-so TCHP) is sensitive to

both the structure and magnitude of the momentum forcing, particularly the friction velocity

(U∗), induced at the ocean surface. These conclusions are inferred by the analyzes illustrated in

Figures 2.9, 2.10, and 2.11 for U∗ and the SST and one-half inertial period TCHP change from

the ocean-only and coupled-model experiments respectively.

Figure 2.13 illustrates an inter-comparison of the observed (MISST) and coupled-model

computed along-track SST. The MISST SST are interpolated (using the aforementioned bi-cubic

spline procedures [Press et al., 1992]) to the HYCOM model grid prior to the computation of the

descriptive statistics. In order to estimate the evolution of the pre-forecast period (ocean spin-

up) and the initial SST boundary condition validity (compared to observations) for the coupled-

model, the 120-hour ocean spin-up period (i.e., negative forecast hours) are also provided. The

△ (NCAR/NCEP; NCEP-2), � (JRA), and # (ERA Interim; ECMWF) provide the spatial

variability amplitudes (i.e., standard deviations) for the along-track (HBTRA) SST (MISST)

observations beginning 0000 UTC 05 July and ending 0000 UTC 10 July. The N, �, and  

represent the ocean spin-up (negative forecast hour) and coupled-model predicted along-track

600-km radial mean SST as a function of the respective global analysis. The same criteria as
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Figure 2.13: A Taylor Diagram illustrating the temporal relations between the observed (MISST)
SST and the coupled-model predicted along-track SST (indicated by the color shading) for
the NCEP/NCAR (NCEP-2; N), JRA (�), and ECMWF (ERA Interim;  )) coupled-model
experiments. For each result, the observation and experiment predicted SST statistics are
connected by the dashed-lines. The negative forecast hours indicate the number of hours prior
to initialization for the coupled-model (i.e., ocean spin-up period) while the gray values illustrate
the statistical comparisons for the observed SST and the initial (t=0) SST boundary condition
for the coupled-model.

above (e.g., the HBTRA and coupled-model predicted TC positions must be temporally co-

located with 300-km of each other) is applied. The dashed colored lines connect the temporally

co-located observed and model predicted values. The relationships for the observed SST and

initial SST boundary conditions provided to the coupled-model are colored in gray. Despite the

pre-forecast period balancing of the atmosphere and ocean model initial conditions (see Figure

2.3) as well as a general agreement between the observations and initial coupled-model SST
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(spatial correlations of ∼0.7), the model predicted along-track SST response and the observed

SST diverge as the coupled-model integrates forward in time. Further, the observed intensity

for the respective TC vortices is not resolved although (with the exception of the low-spatial

grid-length resolution NCEP/NCAR analysis) the motion (track) is generally consistent with

the observations (see Figure 2.6c). This suggests that (1) the initial conditions and grid-length

resolution for the respective analysis defined TC vortices are not effectively resolving the key

features (i.e., wind field structure, position, and initial intensity) required for the coupled-model

to predict an accurate (relative to observations) intensity and (2) the coupled-model performance

(relative to the generation of TC related cold-wakes, enhancement of the upper-ocean mixing,

and cooler OML entrainment) is largely determined by the quality of the atmosphere-model

initial conditions.

As a result of the aforementioned atmosphere model TC vortex initial condition features and

the modeled upper-ocean response to the passage of the TC, it is suggested that additional effort

should be invested toward data assimilation methods to improve the structure and intensity of

the TC vortex within the atmosphere model’s initial conditions. It has been demonstrated that

initial conditions which incorrectly position the wind field asymmetries will lead to misplacement

and misrepresentation of the upper-ocean response (i.e., cold-wake) from the misalignment of

ocean-currents and surface wind forcing. This misalignment incorrectly represents the Ekman

turning and inertial resonance of the ocean – both of which are dominant mechanisms leading

to the right-ward bias for the TC induced cold-wake [P. Sullivan – personal communication].

The misplacement of the cold-wake and incorrect modification to the TCHP will reduce (or

mitigate) the energy available to the TC subsequently leading to biases in the track, structure,

and intensity forecasts.
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CHAPTER 3

ON THE SPECIFICATION OF TROPICAL CYCLONE

INITIAL CONDITIONS WITHIN A

HIGH-RESOLUTION MESOSCALE NUMERICAL

WEATHER PREDICTION MODEL

3.1 Introduction

The precedent set forth by the tropical cyclone (TC) vortex initialization procedure developed

at the National Oceanic and Atmospheric Administration (NOAA) Geophysical Fluid Dynamics

Laboratory1 (GFDL) [Kurihara et al., 1993; Kurihara et al., 1995] (discussed in the following

section), motivated the development of (often sophisticated) data assimilation schemes to

incorporate TC observations into numerical weather prediction (NWP) models. These methods

include the Ensemble Kalman Filter (EnKF) [Evensen, 1994; Zhang and Snyder, 2007] and the 3-

and 4-dimensional variational data assimilation (3DVAR and 4DVAR) [Zou and Xiao, 2000; Xiao

et al., 2000; Xiao et al., 2006] algorithms. As a result, multiple operational and research centers

have adapted and employed different variations of the aforementioned TC vortex initialization

techniques. To date, the general consensus has been that the use of synthetic observations has

led to significant improvements for the prediction of TC track, intensity, and structure and

further suggests that (the more detailed) mechanisms responsible for the intensity variability of

TCs may be realized if NWP models continue to improve the assimilation of high-quality, low

(flight and planetary boundary-layer) level wind data to define the initial conditions for the TC

vortex [Davidson et al., 1993; Kurihara et al., 1993; Bender et al., 1993b; Serrano and Unden,

1994; Goerss and Jeffries, 1994; Leslie and Holland, 1995].

The remainder of this chapter provides algorithms to first filter (remove) the TC vortex

within the global (or regional) analysis (§3.3) and then subsequently define (construct) a

1Geophysical Fluid Dynamics Laboratory, Princeton, NJ, USA.

43



Figure 3.1: A flow chart illustrating the TC vortex isolation, filtering, and specification
procedures developed in this study. The algorithms are embedded within the frame-work of
the WRF-ARW model. All modifications (i.e., isolation, filtering, and specification) to the
atmosphere model state variables are made within the WRF-ARW WPS (met em) files while
the dynamic initialization procedure is performed during a pre-forecast integration of the WRF-
ARW model.
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synthetic TC vortex using (near) surface wind profiles (§3.4). To demonstrate the methodology

involved when specifying the synthetic TC vortex, the NOAA Atlantic Oceanographic and

Meteorological Laboratory (AOML) Hurricane Research Division (HRD)2 Hurricane Wind

Analyses (H*WIND; [Powell and Houston, 1996]) will provide the surface wind observations.

The observations are assimilated using a dynamic (grid-nudging) initialization to insure that the

observations are consistent with the Advanced Weather Research and Forecasting (WRF-ARW)

[Skamarock et al., 2005] NWP model resolution and physical parameterizations (discussed in

§3.4), however while also preserving the large-scale (synoptic) environmental features which

have been suggested as mechanisms which govern TC motion [Goerss, 2006]. Consideration of

these features also reduces the inherent consequence of geostrophic adjustment which inevitably

results from the filtering and specification of a synthetic TC vortex. Figure 3.1 summarizes

the aforementioned algorithm to be developed in this study while TC Gustav (0000 UTC 01

September - 0000 UTC 06 September, 2008) illustrates an example application for each step

within the procedure and subsequently demonstrates the improvements for TC vortex track,

intensity, and structure prediction when the respective techniques are applied.

3.2 Literature Review

The importance of the initial conditions for the TC vortex was emphasized during the application

of NWP models for TC prediction. Perhaps the first to investigate and quantify the issue

regarding the initial conditions was Hoke and Anthes [1977] who investigated the challenges

related to incorporating conventional surface, upper-air, and airborne (e.g., aircraft and satellite)

observations into a consistent and balanced analysis for the NWP model initial conditions.

Hoke and Anthes [1977] suggested the application of a dynamic-initialization (henceforth DI)

procedure which nudges (relaxes) the model-state variables toward values specified by the

available observations. The DI method was applied, using a 4-layer atmosphere model and

available observations for TC Alma (1962). The experimental results demonstrated that

observations which are properly assimilated and constrained relative to the model’s grid-length

resolution and physical parametrization reduced the imbalances within the initial conditions

when compared to experiments when the TC observations are directly inserted (e.g., static

initialization3; henceforth SI) in to atmospheric analysis.

2Atlantic Oceanographic and Meteorological Laboratory/Hurricane Research Division, Miami, FL, USA.
3The observations which define the synthetic TC vortex are directly inserted within the model state variables

and the subsequent initial conditions have not been initialized relative to the NWP model’s grid-length resolution
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Fiorino and Warner [1981] determined that properly initialized mesoscale TC models (using

observations) produced credible TC track predictions. Further, when the model grid was of

sufficient resolution, wind field asymmetries and other storm details could be resolved. Fiorino

and Warner [1981] also investigated the impact which assimilated surface wind observations and

satellite derived rain-fall rates (via a heating function) had upon the subsequent NWP forecasts.

Prior to model initialization, they concluded that the following must be considered:

1. A dynamical balance between the boundary-layer flow and the surface pressure field must

be enforced

2. The TC vortex tangential wind profiles, above the boundary-layer, should be realistic and

of appropriate intensity in order for the NWP model boundary-layer parametrization to

(dynamically) produce (near) surface winds of appropriate intensity

3. The moisture (i.e., relative humidity) profiles within the respective analysis must be

replaced with ones which are more consistent with those observed within TCs

Fiorino and Warner [1981] also diagnosed the weaknesses of the SI method and determined that

an absence of cumulus convection during the model initialization may lead to a mis-diagnosis of

the divergent wind component permitting the initial TC to evolve in manner completely different

than anticipated. The DI experiments demonstrated that the initialization of an observation

based, model consistent TC vortex improved the intensity forecast but had only modest (i.e.,

no significant improvement) for the prediction of TC track.

The experiments conducted by Iwasaki et al., [1987] provided some of the earliest attempts

to implement a synthetic vortex (constructed from available observations) within the initial

conditions of an operational NWP model. Iwasaki et al., [1987] reaffirmed the findings from

previous studies [Hoke and Anthes, 1977; Fiorino and Warner, 1981] regarding the improvements

for TC track (i.e., motion) and intensity (i.e., minimum sea-level pressure) when assimilating

observations for the TC. Iwasaki et al., [1987] further demonstrated that the successful prediction

of the TC’s track and intensity tendencies was dependent on a combination of the NWP model

grid-length resolution (50-km for these experiments), the physical parametrization, and the

quality of the observations assimilated to define the initial conditions.

Following the implementation of Iwasaki et al., [1987] was a TC vortex specification

methodology for the National Meteorological Center4 (NMC) Quasi-Lagrangian Model (QLM)

and selected physical parametrization.
4National Meteorological Center, Camp Springs, MD, USA.
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[Mathur, 1991]. The initial conditions for the QLM were defined using a large- (synoptic) scale

analysis within which an idealized TC vortex was inserted. The idealized vortex was constructed

using empirical models for the surface pressure and free-atmosphere5 wind profiles. Information

for the TC low-level wind structure was also incorporated. This feature enabled information,

unique to the respective TC, to be incorporated when specifying the vortex. Similar to the

aforementioned studies, Mathur [1991] concluded that the use of an idealized (and/or synthetic)

TC vortex resulted in improvements for the TC’s track, intensity, and structure prediction when

compared to experiments where no modifications and/or specifications were provided.

The GFDL TC NWP model [Kurihara et al., 1993] followed the QLM [Mathur, 1991] with the

development of a comprehensive TC vortex DI scheme which (1) removes the (poorly) resolved

(and often unrealistic) TC vortex within the large-scale analysis and (2) replaces it with an TC

vortex which is consistent with both the grid-length resolution and physical parametrization of

the GFDL TC NWP model. The TC vortex specification is accomplished using an axisymmetric

version of the GFDL TC NWP model. The application of two spatial filters removes the poorly

resolved analysis (i.e., GFS/AVN) TC vortex thus providing an estimate for the environmental

wind field relative to the TC. The tangential wind field structure, for both the specified TC

and the (environmental) flow surrounding the TC is constructed using the TC’s observed

(estimated) radius of maximum wind (RMW) and maximum wind-speed intensity (VMAX)

and the environment wind-speed (determined from the filter application) which surrounds

the respective TC. Provided the symmetric wind field structure, the asymmetric component

is estimated by applying the barotropic vorticity equation to the aforementioned symmetric

flow and resulting in an asymmetric tangential flow which is (physically) consistent with the

prescribed symmetric component. Subsequent upgrades to the GFDL TC NWP model [Kurihara

et al., 1995] included modifications to both the filtering procedure and the estimation of the TC

mass (i.e., thermodynamic) fields for the initial conditions.

The filtering of the analysis TC vortex and the subsequent DI of the prescribed TC vortex

[Kurihara et al., 1993; Kurihara et al., 1995] provided several advantages over the methods

which proceeded it. These improvements are as follows:

1. A smooth connection between the synthetic vortex fields and the (surrounding) envi-

ronment fields thus alleviating instances of false spin-up and a reduction of gravity

wave induced shock (i.e., geostrophic adjustment) during the initial hours for the model

5The region of the atmosphere which is above the planetary boundary-layer and bounded by the tropopause.
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integration

2. Structural consistency for the TC vortex wind, temperature, surface pressure, and moisture

variable fields

The GFDL TC NWP model [Kurihara et al., 1993; Kurihara et al., 1995] demonstrated a

reduction in the NWP model TC track forecast error, particularly during the hours immediately

following initialization (i.e., t=0). A subsequent diagnostic analysis of the GFDL TC NWP

model [Bender et al., 1993b] determined that the GFDL initialization methodology [Kurihara

et al., 1993] reduced the erratic motion during the first 24- to 48-hours of the NWP model

integration as a direct result of the DI procedure. This resulted in the smooth movement of the

synthetic TC vortex resulting from a reduction of the initial imbalances within the mass and

momentum model state variables. Improvements for the prediction of TC intensity, during the

various phases of TC evolution – including periods of rapid intensification (deepening), were

also demonstrated [Bender et al., 1993b].

3.3 Analysis Vortex Isolation and Filtering Procedure

In this section, an isolation and filtering procedure is presented to remove the first-guess TC

vortex within the global analysis. Although it is impossible to completely remove the analysis

TC from the environment (due to the modulations induced upon the synoptic environment by

the TC), we attempt to estimate the atmospheric state as if the TC was not present. This

procedure isolates the anomalous values within the model state variables for surface (Psfc)

and sea-level (Pslp) pressure, temperature (T ), geopotential height (Φ), moisture, and the

vector wind components (u,v), relative to the respective TC. These model state variables are

filtered to provide an estimate for the large-scale kinematic and thermodynamic variable fields

as though the TC vortex were not present. Following the removal of the first-guess TC, a

synthetic TC vortex may be prescribed within the aforementioned model state variables. The

specified vortex is assimilated into the environmental fields using a DI technique. This step

(described in §3.4) reduces the imbalances within the respective model state variables which

result from differences for the observation and the NWP model grid-length resolutions, the

NWP model physics parametrization, and the filtering and subsequent specification procedures

(to be discussed). Each step of this algorithm is performed using the WRF-ARW [Skamarock

et al., 2005] Preprocessing System (WPS) output (met em) files. The methodology required to

generate these files is discussed by Wang et al., [2004].
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3.3.1 Analysis Vortex Location and Filter Specification

Prior to filtering the anomalies within the aforementioned model state variables (relative to the

respective TC), the geographical (grid) location (position) for the analysis TC vortex must be

determined. This step is most necessary when the observed position, provided by the National

Hurricane Center/Tropical Prediction Center (NHC/TPC) or Hurricane Best-Track Reanalysis

(HBTRA) [Jarvinen et al., 1984], is not co-located with the analysis position for the respective

TC. The implications and consequences of an incorrectly positioned initial TC vortex are an

enhancement of the NWP model forecast error relative to the TC track and intensity [Mathur,

1991; Kurihara et al., 1993].

The location of the first-guess TC vortex and the specification of the filter region is

accomplished in three steps. The first-step locates the mean position for the TC vortex estimated

by the minimum sea-level pressure (MSLP) and the position of threshold values within the lower-

troposphere (850- and 700-hPa) geopotential height, vorticity, and wind-speed magnitude fields.

A single-pass Barnes analysis, centered about the NHC/TPC (or HBTRA) position for the TC,

is applied to the respective sea-level (surface) and troposphere variables. This methodology,

which is similar to that discussed by Marchok [2002], may be expressed mathematically as:

Bg =

N
∑

n=1

wnHn

N
∑

n=1

wn

(3.1)

where wn is a weighting operator (computed as exp (d2
n/r

2
e)) and Hn is the respective analysis

variable. The radial distance from a grid point g to a grid point n is defined as dn. Finally, re

is an e-folding radius specified by Marchok [2002] to be 75-km.

Figure 3.2 illustrates an example application of the analysis TC vortex location algorithm

using the 0000 UTC 01 September 2008 Global Forecasting System (GFS) Aviation analysis

(AVN) grids, which have been interpolated to the WRF-ARW horizontal grid using the

aforementioned WRF-ARW WPS routines. The NHC/TPC position for TC Gustav (2008)

provides the initial position for the Barnes analysis procedure. Figure 3.2a illustrates the

surface wind speed magnitude field and the geographical location for the minimum sea-level

pressure value returned by (3.1). The results for the subsequent application of (3.1) to the

lower-troposphere (850- and 700-hPa) GFS/AVN analysis levels are illustrated in Figures 3.2b

and 3.2c, respectively. The mean geographical position estimated the maximum relative vorticity
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Figure 3.2: The TC vortex location algorithm, described by Marchok [2002], applied to the
0000 UTC 01 September GFS/AVN analysis grids for TC Gustav (2008). The first-guess (i.e.,
NHC/TPC) position for the TC vortex is denoted by the non-shaded TC symbol while the
GFS/AVN analysis position is indicated by the shaded TC symbol. The positions for the
respective surface and troposphere variable threshold values are as indicated in the legend. The
respective panels illustrate (a) the surface wind-speed magnitude (shaded; m s−1) and sea-level
pressure (contour; hPa), (b) the 850-hPa wind-speed magnitude (shaded; m s−1), geopotential
height (gray contour; m), and relative vorticity (red contour; 10−5 s−1), and (c) the 700-hPa
wind-speed magnitude (shaded; m s−1), geopotential height (gray contour; m), and relative
vorticity (red contour; 10−5 s−1).

and minimum geopotential height are denoted as indicated in the legend. The mean position

for the maximum relative vorticity and the minimum geopotential height defines a new initial

position for (3.1). The wind-speed magnitude at each respective isobaric level is analyzed and

the locations of the 850- and 700-hPa TC vortex relative wind-speeds are determined. Finally,

the mean geographical position computed from the geographical position for minimum sea-level

pressure and the 850- and 700-hPa TC vortex relative wind-speed minimum values provides the

estimate for geographical position of the analysis TC vortex.

The geographical position (estimated above) provides an estimate for the geometric center
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(or centroid) position for the TC vortex surface wind field and thus a reference position from

which to compute the center position for the respective filter regions at each analysis level. This

second-step is advantageous when attempting to filter a TC vortex which is tilted (with height)

or within a wind sheared environment. At each analysis level, relative to the geographical

position returned by (3.1), the centroid position (λ0,ϕ0) is estimated. Similar to Kurihara et

al., [1995], the estimation of (λ0,ϕ0) at each analysis level is estimated as follows:

λ0 =

∑

wijVijλij∆Aij
∑

wijVij∆Aij

, ϕ0 =

∑

wijVijϕij∆Aij
∑

wijVij∆Aij

(3.2)

where wij is a spatial weighting function computed as:

wij =







1 r ≤ d

exp
[

−
(

r−d
D

)2]

r > D

The variable r is the distance of grid point (i,j) from the center of the TC vortex determined

in step 1. Finally, the values for d and D are 200-km and 400-km respectively [Kurihara et al.,

1995].

Separate TC vortex filter regions are computed for the kinematic (u, v) and thermodynamic

(T , Φ, moisture6, Pslp, and Psfc) state variables, respectively. The horizontal expanse for the

kinematic variable filter – at each analysis level, is determined using the algorithm provided

by Kurihara et al., [1995]. To summarize, a radial search for the centroid relative threshold

tangential wind-speed magnitude (i.e., 6.0 m s−1) and the tangential wind-speed radial gradient

threshold (i.e., 4.0×10−6 s−1) is performed. If a location for the respective threshold values can

not be determined, the radial distance (relative to the centroid position) for the filter is set to

1200-km [Kurihara et al., 1993; Kurihara et al., 1995]. The result is a polygonal region containing

the TC vortex relative tangential wind field. Kurihara et al., [1995] found that using the TC

vortex relative tangential wind rather than the total wind field enabled the TC vortex wind

field to be separated more easily from the synoptic-scale environmental flow thus maintaining

key elements of the flow which may be important for the prediction of the respective TC’s

track and intensity. The thermodynamic state variable filter region is defined by a radius-circle

centered at the respective analysis level TC vortex centroid position and scaled relative to the

6Note that a given atmospheric analysis may quantify the troposphere moisture profile as either relative
humidity (RH), mixing-ratio (q), or specific humidity (S). The GFS/AVN provides moisture information with
respect to RH.
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Figure 3.3: The kinematic (—) and thermodynamic (– –) model state variable filter regions
computed from the 0000 UTC 01 September TC Gustav (2008) GFS/AVN analysis variables.
The filter regions and centroid positions (•) are colored according to the respective isobaric
levels within the GFS/AVN analysis indicated by the color map. The NHC/TPC observation
position for TC Gustav (2008) is indicated by the white TC symbol.

maximum radial distance (computed above) for the kinematic filter. This scaling is necessary

due to a (typical) TC’s thermodynamic influence occurring over a larger area than the kinematic

influences. For this study, a scaling factor of 1.25 is found to be sufficient.

The third and final step involves refining the depth for the respective 3-dimensional kinematic

and thermodynamic model state variable filters. Numerous observational studies, conducted

using both aircraft-based radar platforms [LaSeur and Hawkins, 1963; Hasler and Morris, 1986;

Marks and Houze, 1987] and atmospheric sounding platforms [Shea and Gray, 1973; Gray and

Shea, 1973; Franklin et al., 1985; Franklin et al., 1993] have provided illustrations for the
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structure of the TC vortex relative troposphere kinematic and thermodynamic variable fields.

However, the upper-troposphere and lower-stratosphere have not been sampled as frequently

[Richard et al., 2001] and as a result a rigorous filtering algorithm for the TC vortex is

constrained to the depth of the troposphere. The depth of the troposphere - and thus the

depth of TC vortex filter region, may be estimated on a case by case basis using the elevation

of the 2 PVU isosurface (or dynamic tropopause). The potential vorticity is computed using

Ertel’s formulation (described by Gill [1982]) and a top-down search for the 2 PVU isosurface.

Beginning at the 150-hPa isobar and ending at the 450-hPa isobar, a cubic-spline interpolation

[Press et al., 1992] is performed to locate the height of the dynamic tropopause. Similar to

the threshold radial distance values defining the horizontal extent for the kinematic filter, the

150-hPa and 450-hPa isobars provide threshold limits for the maximum and minimum height of

the dynamic tropopause.

The results for the aforementioned horizontal and vertical filter refinement methods are

summarized and illustrated in Figure 3.3 using the 0000 UTC 01 September GFS/AVN analysis

for TC Gustav (2008). The uniqueness of the methodology described above is demonstrated

by the telescoping and staggered filter regions as a function analysis level. The solid lines

define the extent of the kinematic state variable filter regions while the dashed lines define the

expanse of the thermodynamic state variable regions. The color for each line, as indicated by

the legend, corresponds to the respective GFS/AVN analysis level at which the respective TC

vortex filter region is defined7. Finally, the white TC symbol indicates the observed geographical

location (from either the NHC/TPC or HBTRA) providing the initial position for (3.1) while

the respective shaded circles indicate the centroid positions estimated from (3.2).

3.3.2 Analysis Vortex Filtering

The filtering approach developed in this study seeks to estimate the spatial structure for the

2- and 3-dimensional model state variables as though the TC vortex were not present. The

anomalies within the respective model state variables (relative to the analysis TC position)

are filtered using of a 9-point spatial smoothing operator and then a subsequent analysis of

the spatial variance (σ). This procedure continues until the change in spatial variance (∆σ),

between successive applications of the smoothing operator, converges to a specified value (see

Table 3.1). The mathematical formulation for the aforementioned smoothing operator is:

7The GFS/AVN analysis employed in this study consists of 27 unevenly spaced vertical levels ranging from
1040–hPa to 10–hPa.
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Table 3.1: Model state variable convergence values (∆σ) for filtering algorithm.

Model State u v T anomaly Φ anomaly RH anomaly Pslp

Variable
∆σ 1.0×10−4 1.0×10−4 1.0×10−5 1.0×10−3 1.0×10−4 1.0×10−4

Ho
l,k =

H i
l−1,k+1 +H i

l,k+1 +H i
l+1,k+1 +H i

l−1,k +H i
l,k +H i

l+1,k +H i
l−1,k−1 +H i

l,k−1 +H i
l+1,k−1

9
(3.3)

where (l,k) define the respective horizontal (x,y) grid coordinates, H i is the model state variable

value prior to the application of (3.3), and Ho is the smoothed model state variable value. After

each application of (3.3), the spatial variance (within the vortex filter region) is estimated and

the change (i.e., test for convergence) for the spatial variance is computed as:

∆σ = |σt − σt−1| (3.4)

where σt is the current spatial variance value and σt−1 is the spatial variance computed after

the previous application of (3.3). The empirically estimated convergence values (∆σ) for the

respective model state variables are provided in Table 3.1. The surface pressure (Psfc) is

recomputed after the other thermodynamic model state variables are filtered.

Figure 3.4 illustrates the change in spatial variance (∆σ) for each model state variable

(listed in Table 3.1) when applied to the 0000 UTC 01 September GFS/AVN analysis for

TC Gustav (2008). The filtering algorithm adapts as a function of both analysis level and

model state variable. The number of filter applications (e.g., passes) required to remove the

TC vortex signal increases as a function of increasing grid-length resolution (see Appendix D).

Additional experiments (not shown) suggest that the number of filter passes also increases as the

amplitude of the anomaly increases. Figure 3.4c and Figure 3.4e provide support for this notion

when evaluated in conjunction with observational studies [Gray and Shea, 1973; Hawkins and

Imbembo, 1976; Halverson et al., 2006] which illustrate an amplified warm-cored mid-troposphere

temperature-anomaly (see Figure 6 of Hawkins and Imbembo, [1976] and Figure 6 of Halverson

et al., [2006]) at elevations similar to those which require a larger number of filter passes to

smooth the TC vortex signal.
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Figure 3.4: The change for spatial variance values (∆σ) computed within the TC vortex filter
regions (illustrated in Figure 3.3) after each application (i.e., filter pass) of the filtering algorithm.
The ∆σ values are illustrated as function of isobaric level for the following model state variables:
(a) zonal wind, (b) meridional wind, (c) temperature anomaly, (d) geopotential height anomaly,
and (e) relative humidity. The isobaric level is denoted by the color shading. The ∆σ analysis
for the sea-level pressure variable is illustrated in (f).
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Figure 3.5: The (near) surface wind-speed magnitude (colored vectors) and the sea-level pressure
(contour) variables before (a) and after (b) the application of the TC vortex filtering algorithm.
The respective variables are obtained from the 0000 UTC 01 September GFS/AVN analysis
for TC Gustav (2008). The TC vortex filtering algorithm is applied to the kinematic and
thermodynamic model state variables (listed in Table 3.1) within the solid- and dashed-lined
filter regions, respectively.

Figure 3.5 illustrates the 0000 UTC 01 September GFS/AVN (near) surface wind and sea-

level pressure fields before (a) and after (b) the application of the TC vortex filtering algorithm.

The TC vortex filter regions for the respective kinematic and thermodynamic variables are

illustrated by the solid and dashed red lines, respectively. Figure 3.6 is a vertical cross-section

analysis, centered at the computed GFS/AVN position for TC Gustav (2008), before (a) and

after (b) the TC vortex filter application, The temperature and geopotential height anomaly

fields8 are denoted by the black and gray lines, respectively. The dynamic tropopause (2 PVU

isosurface) is illustrated by the green contour within the 450-hPa to 150-hPa isobars while the

extent of the TC vortex filter region is indicated by the red contour.

To determine the effectiveness of the filtering algorithm, a twin-experiment (involving TC

8The anomaly fields are computed from an areal mean for the respective variable ± 10◦ longitude and latitude
of the GFS/AVN computed position.
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Figure 3.6: A vertical cross-section, centered at the 0000 UTC 01 September TC Gustav (2008)
GFS/AVN analysis position for the kinematic and thermodynamic model state variable fields
before (a) and after (b) the application of the analysis TC vortex filtering algorithm. The
shading is the wind-speed magnitude (kts) while the black, gray, red, and green lines are the
temperature anomaly, geopotential height anomaly, vortex filter region, and 2-PVU isosurface
respectively. The respective anomalies are computed using ± 10◦ areal mean relative to the
GFS/AVN analysis TC vortex position.

Gustav (2008)) is performed. The first experiment uses the unfiltered GFS/AVN analysis

while the second experiment employs the TC vortex filtering algorithm to isolate and filter

TC Gustav (2008) from the GFS/AVN analysis. Next, a four-dimensional data assimilation

(FDDA) procedure is applied to nudge the filtered analysis fields toward a balanced initial

state. A detailed description of both the FDDA procedure and the selection of optimal nudging

coefficient values is provided in §3.4. Figure 3.7 illustrates the results for the experiment. Figure

3.7a provides the 120-hour forecast maximum wind-speed swath (kts; shaded) and the minimum
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Figure 3.7: Results from a twin-experiment demonstrating the effectiveness of the first-guess
(analysis) TC vortex filtering algorithm. The 120-hour maximum 10-meter wind-speed swath is
shaded while the 120-hour minimum sea-level pressure swath is contoured. The 120-hour forecast
initialized from the unfiltered GFS/AVN analysis is illustrated by (a) while the 120-hour forecast
computed from the filtered GFS/AVN analysis is illustrated in (b).

sea-level pressure (hPa; contoured) swaths. The anomalous wind and sea-level pressure values in

the northern Gulf of Mexico in Figure 3.7a suggest the presence of TC Gustav (2008). The lack

of aforementioned anomalous wind and sea-level pressure values in Figure 3.7b suggest that the

model state variables have been sufficiently filtered and thus minimizing the influence and impact

of the once present GFS/AVN analysis TC vortex. An evaluation of the results illustrated in

Figures 3.7a and 3.7b suggests that the TC vortex relative anomalies (and perturbations) within

the GFS/AVN analysis have been sufficiently filtered while also preserving the synoptic-scale

features within the model state variables. This conclusion is supported by the similarity of

the 10-meter wind-speed and minimum sea-level pressure variable swaths beyond the regions

surrounding the TC vortex for the respective experiments. Comparing the aforementioned TC

vortex filtering algorithm to the current operational algorithms [Kurihara et al., 1995], the

utility of the methodology presented in this study is demonstrated by the grid-length resolution

independence (i.e., no dependence on a pre-defined set of filter scaling coefficients; see Appendix

D) and the maintenance of continuity (i.e., the minimal introduction of artificial vorticity and
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temperature gradients) along the TC vortex filter region boundaries, similar to the GFDL

[Kurihara et al., 1995] methodology [R. Tuleya – personal communication; M. Fiorino – personal

communication].

3.4 Synthetic Vortex Specification Procedure

The methodology to specify the synthetic TC vortex for this study is provided in this section.

The filtered model state variables (see §3.3) are nudged toward a solution which is balanced

with respect to the assimilated TC observations and the grid-length resolution and physical

parametrization of WRF-ARW. The observations from which the synthetic TC vortex is to

constructed are obtained from the AOML/HRD H*WIND [Powell and Houston, 1996] analyses.

The 3-dimensional attributes for the kinematic model state variables are constructed (relative

to the respective H*WIND analysis) using empirically estimated scaling profiles. The resulting

synthetic TC vortex is then dynamically initialized resulting in an NWP model initial condition

which contains minimal mass and momentum imbalances.

3.4.1 TC Vortex Surface Wind–Field Observations

The AOML/HRD H*WIND system incorporates observations collected from remote and in-

situ based platforms primarily for the purpose of providing the NHC/TPC forecaster a (near)

real-time analysis for a respective TC’s wind field structure. This analysis system ingests all

available observations9 and composites them within a TC-relative reference frame across a 4-

to 6-hour temporal period. The available observations are subsequently quality controlled and

processed to conform to the NHC elevation (10-meters), exposure (marine or open terrain over

land), and temporal averaging period (maximum 1-minute sustained wind-speed) specifications

[Powell et al., 1996; Powell and Houston, 1996]. The resulting TC’s wind field analysis is

subjectively determined and is based on the specialist’s interpretation (and confidence) for the

available flight-level and satellite observations, TC pressure-wind relationships, and the quality

and reliability of the available surface observations. Figure 3.8 provides a montage of H*WIND

analyses collected for a selection of TC’s from the 2004-2005 North-Atlantic Ocean TC seasons.

The ability of H*WIND to provide snap-shots for the varying wind-field structure, intensity,

and size is an appealing characteristic when considering the goals of TC vortex initialization.

Provided the H*WIND observations, the previous TC specification methodologies which relied

9A list of current observation sources may be found at http://www.aoml.noaa.gov/hrd/Storm_pages/surf_
background.html
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Figure 3.8: Examples selected from the AOML/HRD H*WIND [Powell and Houston, 1996]
archives for TC events during the 2004 and 2005 North-Atlantic Ocean Basin TC seasons.

on information pertaining to the maximum (minimum) wind-speed (sea-level pressure) intensity,

the RMW, and the environmental wind-speed [Mathur, 1991; Kurihara et al., 1993; Kurihara et

al., 1995] may now be modified to include information pertinent to the structure and asymmetries

of the (near) surface wind field. Previous studies have suggested that the wind field asymmetries

(relative to the TC and within the nearby environment) can act to modulate the future motion

for the respective TC [Chan and Williams, 1987; Fiorino and Elsberry, 1989; Smith et al., 1990].

Thus, the inclusion of these features which are available from the H*WIND analysis may lead

to further improvements for the TC’s track, intensity, and structure prediction.
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3.4.2 TC Vortex Wind–Field Construction

The TC vortex wind-field is constructed, from the bottom-up, beginning at the lowest model

level. The H*WIND [Powell and Houston, 1996] analysis is valid at an elevation of 10-meters

for marine environment exposures. Therefore, the gridded zonal and meridional vector wind

components must be interpolated to a similar elevation within the analysis grids. The elevations

(e.g., heights) for the respective analysis pressure levels are determined relative to the surface

pressure profile. Using either the NHC/TPC, vortex data-message (accompanying the H*WIND

analysis), or the HBTRA minimum sea-level pressure value, the synthetic sea-level pressure

profile is computed as follows:

Psynthetic = P − (∆P exp (−x2))/(1.0 − αx2)1/2 (3.5)

where P is the environmental (e.g., filtered) sea-level pressure (returned by the algorithm

discussed in §3.3) and ∆P is the pressure gradient which is computed as:

∆P = P − Pc

where Pc is the minimum sea-level pressure (i.e., intensity) value. The radial expanse for the

sea-level pressure profile is controlled by the x and α terms. The radial scale value (x) is

computed as r/R where r is the radial distance relative to the center of the TC vortex and

R is the maximum radius for the TC which (for this study) is estimated from the respective

H*WIND analysis. The value for α is specified to be 100 following Mathur [1991]. From the

sea-level pressure profile, the corresponding surface pressure profile is estimated as:

Psfc = Psynthetic/ln
( gZ

RdTv

)

(3.6)

where g, Z, Rd, and Tv are respectively the gravitational constant, the terrain elevation, the dry

air gas constant, and the virtual temperature. Finally, the elevation for the respective pressure

levels may be estimated and the H*WIND analysis vector wind components are interpolated to

the analysis isobaric level which is nearest to 10-meters.

The interpolation of the H*WIND analysis is accomplished using bi-cubic splines to provide

both accuracy and smoothness [Press et al., 1992]. The interpolated vector wind components

are then blended within the filtered analysis fields as:

H = (1.0 − w)Ha + wHo (3.7)
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Figure 3.9: (a) The observed (AOML/HRD H*WIND [Powell and Houston, 1996]) analysis)
wind-speed magnitudes for TC Gustav (2008) 0000 UTC 01 September. (b) The H*WIND
analysis interpolated and blended with the filtered GFS/AVN analysis wind variables. All value
less than 16-knots (∼ 8 m/s) are not shaded.

where Ha and Ho are the analysis and observation vector wind components, respectively. The

weighting coefficient, w, is computed as:

w = 1.0 − exp [(r −R)/r]

The values for r and R are once again the radial distance relative to the TC vortex center and

maximum radius for the TC, respectively. Figure 3.9a illustrates the 0000 UTC 01 September

H*WIND [Powell and Houston 1996] analysis for TC Gustav (2008)10 while Figure 3.9b is the

H*WIND analysis after it is interpolated to the WRF-ARW horizontal grid. The inner-core

10The H*WIND analysis, AL072008 0901 0000, was obtained from http://meso.aoml.noaa.gov.
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features and asymmetries provided by the H*WIND surface wind analysis are retained during

the bi-cubic spline interpolation and thus will be assimilated during the DI procedure.

The TC Gustav (2008) vertical wind profile is constructed using the interpolated surface

wind field illustrated in Figure 3.9b as the boundary condition. Kurihara et al., [1993] provided

an empirical scaling profile to specify the free-atmosphere winds which also uses a horizontal

wind field (analysis) as a boundary condition. The GFDL scaling values [Kurihara et al., 1993]

are provided in Figure 3.10a by the red line and are valid at and above σ-level 0.85. In this study,

a similar approached is applied but using a synthetic horizontal wind field which is embedded

within the planetary boundary-layer. The evaluation of boundary-layer reduction values, largely

to estimate surface winds from flight-level data [Powell, 1980], suggest that the surface wind-

speed is approximately 80% (i.e., 20% less than) the observed flight-level wind-speeds. In this

study, we assume that the top of the planetary boundary-layer and the research aircraft flight-

level are similar. Thus, the scale value for the surface (∼ 10-meter) winds is defined to be 1.0

and the remainder of the GFDL empirical profile [Kurihara et al., 1993] is divided by 0.8 which

results in the empirical profile illustrated by the blue line in Figure 3.10a. The appropriate

scaling value for each analysis level is estimated using cubic-splines [Press et al., 1992] providing

the synthetic TC vortex vertical wind profile illustrated in Figure 3.10b.

3.4.3 Grid Nudging Coefficient Sensitivity Analysis

An effective procedure for incorporating observations within a model analysis is the Newtonian

(or nudging) relaxation method. The nudging technique is fundamentally a successive corrections

four-dimensional data assimilation (FDDA) methodology where the model state variables

(providing the 3-spatial dimensions) are relaxed (or nudged) toward a specified value while

the NWP model provides the temporal (or fourth) dimension. This is accomplished by adding

artificial tendency coefficients (i.e., nudging coefficients) to the tendency terms within the model

prognostic equations. These tendency terms are based on differences between the analyzed and

the specified (i.e., observation based) states [Stauffer and Seaman, 1990; Stauffer et al., 1991].

The nudging coefficient is proportional to the difference between the model predicted value

and the gridded analysis variable value at each model grid point. As an example, consider the

non-hydrostatic prediction equation for the variable α(x, t):

∂p∗α

∂t
= F (α,x, t) +Gα ·Wα · ǫα(x) · p∗(α0 − α) (3.8)
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Figure 3.10: (a) The GFDL [Kurihara et al., 1993] (red) and the 10-meter wind (blue) empirical
vertical wind profile scaling values. The GFDL profile is scaled relative to σ-level 0.85 while the
H*WIND profile is scaled relative to the 10-meter wind-speed magnitude. (b) The 0000 UTC
01 September vertical wind profile for TC Gustav (2008) constructed from the interpolated
H*WIND analysis illustrated in Figure 3.10b.

where p∗ is the reference pressure, F (α,x, t) represents all model physics and forcing terms, Wα

is a four-dimensional weighting function (equal to Wα = wx,y,zwt), and ǫ(x) is a quality factor

(ranging from 0 to 1 and assumed to be 1 in this study) describing the quality and distribution of

the data composing the gridded analysis. The nudging coefficient, Gα, determines the magnitude

for the respective prognostic equation term relative to the other physical processes and terms

within F (α,x, t).

The nudging factor (Gα) must be scaled relative to the prognostic model state variable

being nudged since it is artificial in nature. A small value for Gα will permit the assimilated
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Table 3.2: The available WRF-ARW v2.2 planetary boundary-layer physics parametrization.

Physical Parametrization Acronym Reference
Yonsei University YSU Hong et al., [2006]

Mellor-Yamada-Janjic Turbulent Kinetic Energy MYJ-TKE Mellor and Yamada [1982]

National Center for Environmental Prediction NCEP-GFS Hong and Pan [1996]
Global Forecasting System

observations to have only minimal impact for the initial condition atmospheric state while a

very large value for Gα will introduce instabilities for the NWP model’s mass and momentum

balances and thus disrupting the synoptic scale state (e.g., beyond the direct influence for the

assimilated TC observations). The implications of these imbalances introduced to the large-

scale features may lead to modulations which may adversely impact the respective TC’s track,

intensity, and structure prediction. Therefore, the value for Gα should be scaled according to the

slowest physical adjustment process within the NWP model dynamical and is often similar in

magnitude to Coriolis parameter (i.e., ranging from 10−4 s−1 to 10−3 s−1) [Stauffer and Seaman,

1990; Stauffer et al., 1991]. For experiments which assimilated available observations to improve

the representation of synoptic scale features (e.g., fronts, squall lines, etc.) within the NWP

initial conditions, Stauffer and Seaman [1990] and Stauffer et al., [1991] suggested a value of 3

× 10 −4 s−1 for the nudging coefficient.

As a result of the aforementioned (analysis TC vortex) filtering procedure and the subsequent

replacement with the synthetic (H*WIND [Powell and Houston, 1996] derived) TC vortex,

imbalances within the model state variables are inevitably induced. Thus, a nudging coefficient

must be carefully chosen warranting an analysis for possible values of gu,v. Throughout the

remainder of this section, we evaluate the sensitivity of the FDDA determined TC vortex wind

field and synoptic scale features for both the available WRF-ARW (planetary) boundary-layer11

parametrization and nudging coefficient value. Nine experiments are conducted for each of

the three WRF-ARW boundary-layer physics parametrization (listed in Table 3.2). For each

11Henceforth, all references to the planetary boundary-layer will be noted as boundary-layer.
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respective experiment, the nudging coefficient (gu,v
12) is sequentially varied using values of 0.0

s−1, 2.5×10−5 s−1, 5.0×10−5 s−1, 7.5×10−5 s−1, 2.5×10−4 s−1, 5.0×10−4 s−1, 7.5×10−4 s−1,

2.5×10−3 s−1, and 5.0×10−3 s−1 respectively. These values are chosen to isolate a range of

acceptable values (relative to the impacts upon both the initial TC state and the synoptic

scale features) for gu,v while also demonstrating the impact for mass and momentum imbalances

within the NWP model initial conditions.

3.4.3.1 Sea-Level Pressure Sensitivity Analysis

In this section, we analyze the impact for the selected nudging-coefficient value and the respective

boundary-layer physical parametrization13 for the large scale (i.e., beyond the radius of influence

for the TC) sea-level pressure field. Experiments (illustrated in §3.5) have demonstrated

that if the value for guv is too large, the NWP model’s attempt to maintain mass and

momentum balance will lead to the model’s development (e.g., spin-up) of artificially high and

low (sea-level) pressure regions and gradients to compensate for the aggressive (relative to the

resolution and NWP physical parametrization) low (sea-level) pressure center for the specified

TC. Alternatively, if gu,v is too small, the initial TC (developed during the FDDA procedure)

will be too weak thus leading to the development of synoptic scale features to compensate for

the additional mass (i.e., anomalous high pressure) relative to the original analysis TC. The

synoptic scale (artificial) high- and low-pressure features generated during the FDDA may have

a dramatic impact for the future evolution of the respective TC. Figure 3.11 illustrates the

sea-level pressure spatial (Pearson) correlation at the end of the 12-hour pre-forecast FDDA

period computed as a function of each nudging-coefficient value. All sea-level pressure values

within a 600-km radius14 of the 0000 UTC 01 September TC Gustav (2008) synthetic TC vortex

have been isolated from the calculation. Figures 3.11a - 3.11c are the spatial correlations for the

YSU, MYJ-TKE, and NCEP-GFS boundary-layer parametrization, respectively. The histogram

in Figure 3.11 provides the aforementioned nudging-coefficient values (gu,v) for the respective

experiment. Negative (positive) correlation values indicate regions where the sea-level pressure

12The variable gu,v is specific to the nudging coefficient prescribing the forcing for the momentum variables
during the pre-forecast FDDA procedure. The details are identical to the discussion supplied for the nudging
coefficient Gα in the general case.

13The sensitivity for the planetary boundary-layer parametrization is diagnosed in this study due to the future
applications and incorporation of the TC vortex initialization procedure within the coupled atmosphere-ocean
model developed in Chapter 2.

14A radial distance of 600-km is determined from the mean radius of the tangential wind profile for TC Gustav
(2008) following each of the pre-forecast FDDA procedures.
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Figure 3.11: Spatial correlation maps for sea-level pressure following the 12-hour pre-forecast
FDDA period computed as a function of gu,v. The boundary-layer physical parametrization are
(a) YSU, (b) MYJ-TKE, and (c) NCEP-GFS. The histogram indicates the nudging coefficient
value for the respective experiment.

is rising (falling) as the TC relative sea-level pressure decreases (increases). The majority of

the negative correlations exist to the north and west of the TC region of influence while the

positive correlations are predominantly to the south and east. This result suggests that the

selected nudging-coefficient may have an impact for the environmental (synoptic-scale) sea-level

pressure surrounding the TC. However, Figure 3.11 indicates that the evolution of the synoptic-

scale sea-level pressure does not appear sensitive to the selected boundary-layer parametrization.

Having identified that evolution of the environmental sea-level pressure field is related to

the value for guv, we next diagnose the spatial structure for the respective environmental sea-

level pressure fields computed during the FDDA procedure. For completeness, the empirical
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Figure 3.12: The environmental sea-level pressure EOF amplitudes computed for each nudging-
coefficient experiment (denoted by color shading) using the (a) YSU, (b) MYJ-TKE, and (c)
NCEP-GFS boundary-layer physics parametrization. The black line is the EOF amplitudes for
the control simulation (i.e., GFS/AVN analysis).

orthogonal function (EOF) amplitudes (also referred to as principle components) for each

spatial mode are computed as discussed by Kantha and Clayson [2000] and illustrated in Figure

3.12. The colored lines indicate the respective nudging-coefficient value experiments while the

black line is the control simulation15. Figures 3.12a - 3.12c illustrate the EOF amplitudes

15The control simulation is the original GFS/AVN analysis where the model state variables, within the analysis,
have not been modified by either the filter or FDDA procedure. We consider the GFS/AVN analysis to be truth
despite the fact that a TC which is muted (or weaker) than the observed is most likely compensated with the
larger scales thus reducing the accuracy of the larger scales as they compare to reality.
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Figure 3.13: The difference in variances (F -test) for each of the respective nudging coefficient
experiments (denoted by histogram) with respect to the control simulation (GFS/AVN analysis)
during the 0000 UTC 01 September dynamic initialization of TC Gustav (2008). The atmo-
spheric boundary-layer physical parametrization are denoted in legend. The solid lines are the
F -test critical values and the dashed lines are the F -test P -values for each experiment.

computed from each FDDA experiment for the YSU, MYJ-TKE, and NCEP-GFS boundary-

layer physical parametrization, respectively. The spectrum of EOF amplitudes computed from

nudging-coefficient values which are at or below that recommended by Stauffer and Seaman

[1990] and Stauffer et al., [1991] are similar to the control simulation. As the value for guv

increases (and as suggested by Stauffer and Seaman [1990] and Stauffer et al., [1991]), the

NWP model (and associated physical parametrization) struggle to maintain balance between

mass and momentum terms in the prognostic equations. As a result, (large) deviations from the
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control simulation are apparent, particularly for the smaller-scale (increasing EOF mode) sea-

level pressure features. Figure 3.12 further suggests that the choice for boundary-layer physics

has only a small impact for the computed EOF amplitudes when using gu,v values at or below

those recommended by Stauffer and Seaman [1990] and Stauffer et al., [1991]. However, the

spectrum of EOF amplitudes begins to vary dramatically as a function of both the selected

boundary-layer parametrization and larger values for guv. This continues to suggest that the

tendency terms, now specific to the respective physical parametrization, are impacted across all

length scales as the model state is nudged more strongly toward the prescribed TC vortex.

Finally, to determine the boundary-layer parametrization and nudging-coefficient value which

most closely preserves the large-scale aspects of the sea-level pressure field (as defined by the

control simulation) during the FDDA procedure, the difference in variances is estimated using the

F -test statistic. The F -test statistic is computed by comparing the EOF amplitudes spectra from

the respective experiment results with the control simulation EOF amplitude spectrum. Figure

3.13 illustrates the F -test statistic (critical) and probability (P ) values computed as a function

of boundary-layer physical parametrization and the nudging-coefficient value. We evaluate

(test) the null-hypothesis that the control simulation and the nudging-coefficient experiments

do not have significantly different variance. We assume a confidence interval of 95% (0.95)

and seek instances where the critical value is (approximately) 1.0 and the P -value is greater

than 0.05. Each boundary-layer parametrization experiment returns different critical- and P -

values. However, the only boundary-layer physics parametrization that returns a critical value

of approximately 1.0 and a P -value which fails to reject the null hypothesis is YSU when guv

is 0.25×103 s−1. For the remaining experiments, critical values of approximately 1.0 occur

(e.g., MYJ-TKE and NCEP-GFS when guv = 0.75×103 s−1), but the corresponding P -values

do not support the null hypothesis and force us to reject. These results suggest that the YSU

boundary-layer parametrization is most suitable for the dynamic initialization of the 0000 UTC

01 September TC Gustav (2008) sea-level pressure field. These results confirm the suggested

values for guv [Stauffer and Seaman, 1990; Stauffer et al., 1991] and the choice of boundary-layer

physics parametrization recommended by Braun and Tao [2000] and later used by Davis et al.,

[2008].

3.4.3.2 Deep-Layer Mean Wind Sensitivity Analysis

In this section, we analyze the impact for the choice of nudging coefficient and boundary-layer

parametrization upon pre-forecast FDDA the deep-layer mean (850- to 200-hPa) layer mean
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Figure 3.14: Same as Figure 3.14 except for the deep-layer mean (850- to 200-hPa) winds.

wind evolution. The deep-layer mean winds provide a proxy for the steering flow and thus the

rate and direction for the advection of the TC [Pike, 1985; Dong and Neumann, 1986; Velden

and Leslie, 1991]. Figure 3.14, similar to Figure 3.11, illustrates areas where there exists a

relationship for the nudging coefficient value and the evolution of deep-layer mean wind during

the FDDA procedure. Once again, all deep-layer mean zonal and meridional wind values within

a 600-km radius of the 0000 UTC 01 September TC Gustav (2008) synthetic vortex have been

isolated from the calculation. Negative (positive) correlation values indicate regions where the

deep-layer mean wind is decreasing (increasing) as the TC intensity is increasing. The majority

of the negative correlations exist to the north-west, west, and south of the TC region while

the positive correlations are predominantly to the north-east of the TC region. The positive

correlation values over Mexico and Central America may be attributed to orography effects. The
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Figure 3.15: Same as Figure 3.12 but for the deep-layer mean (850- to 200-hPa) wind.

results suggest that the selection of nudging coefficient may also impact the deep-layer mean

wind field surrounding the TC (as indicated by the correlation values close to 1.0 to the north-

east of the TC region) and thus the environmental steering. Also similar to the sea-level pressure

analysis, the spatial correlations do not appear sensitive to the selection of the boundary-layer

parametrization.

Figure 3.15 illustrates the EOF amplitudes computed from the deep-layer mean wind while

the results for the F -test statistic is provided in Figure 3.16. A nudging coefficient value

and boundary layer parametrization which most closely replicates the analysis (i.e., control

simulation) deep-layer mean wind EOF amplitudes is not as evident as the choices suggested
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Figure 3.16: Same as Figure 3.13 but for the deep-layer (850- to 200-hPa) mean wind field.

by the sea-level pressure EOF analysis. However, the EOF amplitudes for the deep-layer mean

wind suggest that the environmental steering is highly sensitive to the value for guv which is

not surprising based on evidence presented in previous studies by Velden and Leslie [1991] and

Elsberry [1995] which suggested the existence of a strong relationship between a TC’s motion

and intensity. The results in Figure 3.15 suggest that as the TC’s intensity during the FDDA

procedure increases, the deep-layer mean wind (beyond the defined region of influence for the

TC) adjusts to accommodate the stronger TC which is similar to the adjustments seen for the

sea-level pressure field. This adjustment is an inevitable consequence of the FDDA procedure

and thus quantifying a specific value for guv is difficult.

This difficulty is further illustrated in Figure 3.16. Nudging coefficient values which are

greater than those suggested by similar studies [Stauffer and Seaman; 1990; Stauffer et al.,

1991] and greater than the optimal values for the sea-level pressure field evolution enable

the aforementioned null hypothesis with respect to the deep-layer mean wind to be rejected.
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However, the YSU boundary-layer parametrization once again appears to be optimal with

respect to preserving the synoptic scale deep-layer mean wind field features during the FDDA

procedure. The critical and P -values returned by the F -test statistic (illustrated in Figure

3.16) suggest values for guv within the range of 0.75×10−3 s−1 and 2.5×10−3 s−1. We note that

although the critical and P -values for a nudging coefficient value of approximately 0.25×10−3 s−1

does not allow us to reject the null hypothesis, this value is not optimal because the resulting TC

vortex is of similar (minimum sea-level pressure) intensity to the sea-level pressure state after

the application of the analysis TC vortex filter. Finally, analyzing the F -test statistic results

for the nudging coefficient value and boundary-layer physics parametrization suggested from the

same analysis for the environmental sea-level pressure, we find that although the critical value

is optimal (∼ 1.0), the P -value forces us to reject the null hypothesis using a 95% confidence

interval. However, as noted above, the mass and momentum variables within the NWP model

dynamical equations must remain balanced. As a synthetic (specified) TC vortex – with a

lower pressure (i.e., less mass) than the original analysis (i.e., AVN/GFS), is assimilated into an

atmospheric analysis which expects a TC of a weaker (i.e., more mass) intensity, the momentum

fields must adjust accordingly. These adjustments are a plausible explanations for the the F -test

statistic rejection of the null hypothesis. A more in depth diagnosis involving the NWP model

equations and values for gu,v is required to validate this hypothesis but are currently beyond

the scope of this current study. Based on the deep-layer mean wind EOF amplitude analysis

(see Figure 3.15), we are confident that 0.25×10−3 s−1 is an optimal nudging coefficient value

in order to preserve a realistic deep-layer mean wind within the vicinity of the TC region of

influence.

3.4.3.3 Initial Vortex Intensity Analysis

Thus far we have determined a nudging coefficient value (guv = 0.25×10−3 s−1) and a boundary-

layer parametrization (YSU) that best preserves the synoptic scale features relative to the

control simulation for 0000 UTC 01 September TC Gustav (2008). We now investigate the

initial TC vortex resulting from the FDDA procedure. Figure 3.17 illustrates the initial

minimum sea-level pressure and maximum 10-meter wind-speed intensity for the respective TC

vortex resulting from the pre-forecast FDDA procedure as a function of both the WRF-ARW

boundary-layer parametrization (denoted by the line style) and nudging coefficient (denoted
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Figure 3.17: The initial minimum sea-level pressure (red) and maximum 10-meter wind-speed
magnitude (blue) intensities resulting from the pre-forecast FDDA procedure as a function of the
nudging coefficient value (black histogram) and boundary-layer parametrization (denoted in the
legend). The solid red and blue lines are the NHC/TPC estimated minimum sea-level pressure
and maximum (near) surface wind-speed for TC Gustav (2008) at 0000 UTC 01 September
respectively.

by the histogram). The observed16 minimum sea-level pressure (red) and estimated maximum

near-surface (10-meter) wind-speed (blue) are illustrated by the solid lines. We note that using

the aforementioned value for guv and the YSU boundary-layer parametrization, the minimum

sea-level pressure for the initial TC is approximately 970-hPa. This is nearly 15-hPa weaker

than the observed intensity. Each of the respective boundary-layer parametrization, using this

value for guv, result in similar initial minimum sea-level pressure intensities. However, once the

16The observed minimum sea-level pressure and 10-meter (near surface) maximum wind-speed are those values
reported by the vortex data message from the reconnaissance mission into TC Gustav (2008) and centered at
0000 UTC 01 September.
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nudging coefficient increases beyond this value, the resulting minimum sea-level pressure values

for the respective boundary-layer physics schemes diverge, but by only a few hPa. This result

continues to suggest that a nudging coefficient value which is greater than 0.25×10−3 s−1 will

begin to compromise the balance between the respective mass and momentum budgets within

the selected boundary-layer physics. For completeness, the maximum 10-meter wind-speeds

for the initial TC vortex following the pre-forecast FDDA procedure are also provided. The

divergence in values – as a function of nudging coefficient and boundary-layer parametrization

is not unexpected and is likely due to the respective scheme’s formulation for TKE mixing,

boundary-layer depth, inflow layer depth, vertical mixing, and thermodynamic and momentum

fluxes [Nolan et al., 2009]. Additional studies, which evaluate the respective boundary-layer

physics schemes when coupled to the free-atmosphere by way of the available convection and

microphysics NWP model parametrization, must also be performed prior to deducing absolute

conclusions regarding which attributes for the NWP physical parametrization are preventing a

robust and skillful prediction for the TC track, structure, and intensity.

3.4.4 Dynamically Initializing the Synthetic TC Vortex

The realizations derived from the dynamic and statistical analyses provided in the previous

section suggest an optimal boundary-layer physics parametrization (YSU) and a nudging

coefficient value (gu,v = 0.25×10−3) which provide an initial condition for 0000 UTC 01

September TC Gustav (2008) that is stable with respect to both the dynamics of the NWP

model and the synoptic-scale environment. Thus, for the remainder of this study, the YSU

parametrization will provide the boundary-layer physics during both the pre-forecast FDDA

procedure and the subsequent. The nudging coefficient guv = 0.25×10−3 s−1 is the rate at which

the (filtered) analysis is nudged toward the initial model state which incorporates the prescribed

TC vortex.

Figure 3.18 illustrates the dynamic initialization for selected mass and momentum model

state variables during the 12-hour pre-forecast FDDA procedure. Figure 3.18a illustrates the

evolution of the TC relative lower-troposphere temperature anomaly. Following the 12-hour pre-

forecast FDDA procedure, the magnitude of the temperature anomaly is approximately 18◦C

warmer than the local (10◦×10◦ longitude×latitude) environment within which the vortex is

embedded. The elevation of the lower-troposphere warm anomaly values is generally consistent

with the composite observation values reported by LaSeur and Hawkins [1963] and Gray and
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Figure 3.18: The pre-forecast FDDA procedure to assimilate and dynamically initialize the mass
and momentum model state variables for the synthetic TC vortex. The following variables,
(a) 3-dimensional TC relative tropospheric temperature anomaly, (b) 3-dimensional TC relative
tropospheric geopotential height anomaly, (c) TC relative sea-level pressure anomaly, and (d) TC
relative 10-meter wind-speed magnitude are centered at the latitude coordinate for the specified
TC vortex. The evolution of the warm-core for the synthetic TC is suggested by the elevated and
anomalous warm temperatures in (a) and the corresponding lowering of the geometric heights
in (b). The black line in (b) denotes the inflection point for the geopotential height anomaly
and suggests the evolution of an upper-level anti-cyclone. The (near) surface variables illustrate
the expected features of a TC vortex including the sea-level pressure minimum and associated
gradients in (c) and the radial structure for the wind-speed magnitude profile in (d).
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Shea [1973] while the magnitude of these values is consistent with Hawkins and Imbembo [1976].

The evolution of the geometric height (for the respective isobaric level) anomaly during the

FDDA pre-forecast period (Figure 3.18b) illustrates reductions in geometric heights temporally

corresponding with the warming of the troposphere illustrated in (a). The structure and

magnitude for these values is generally consistent with observations (see Figure 15 of Hawkins

and Imbembo [1976]), however future studies will address the troposphere anomaly evolutions

as a function of the synthetic TC vortex wind profile (see Figure 3.10)17. The black contour is

the inflection (or zero-anomaly) point suggesting the development and subsequent presence of

an upper-tropospheric anti-cyclone. The evolutions for the TC vortex relative sea-level pressure

anomaly and 10-meter wind-speed, centered at the latitudinal position (26.01693 N) for TC

Gustav (2008) 0000 UTC 01 September, are illustrated in Figures 3.18c and 3.18d, respectively.

The pressure minimum (near the center of the synthetic TC), the radial pressure gradients, and

the azimuthal structure of the 10-meter winds are generally consistent with those observed.

3.5 Experiment Design, Results, and Evaluation

In this section, we evaluate the impacts for both the synthetic TC vortex assimilation method-

ology (i.e., DI versus SI versus observed intensity specification) and the initial TC (near) surface

wind field conditions for the TC Gustav (2008) NWP model forecast beginning 0000 UTC 01

September. For each experiment, the diagnostic variables and TC track, intensity, and structure

metrics are derived from the position, size, and intensity variables estimated by the NCEP TC

tracking algorithm [Marchok, 2002]. The truth (or observed) values are defined by the available

aircraft reconnaissance mission vortex data message files and are interpolated using cubic-splines

[Press et al., 1992] to the NWP model output temporal interval (i.e., 1-hour). The diagnostic

evaluations and computations are computed prior to landfall (forecast hour 30) due to the

challenges associated with tracking weakening TCs concurrently interacting with topography.

The following section discusses the forecast metrics computed in this study while the remainder

of this section discusses the experiment configuration and subsequently provides an analysis of

the results.

17The assimilation of tropospheric temperature profiles, similar to the composite observations estimated
by Winterbottom and Xiao [2010] (see Appendix E) may further improve the reality for the troposphere
thermodynamics evolution during the FDDA process.
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3.5.1 Forecast Evaluation Metrics

The short-term forecast impacts for the respective synthetic TC vortex initialization methods

(§3.5.2) and the initial (near) surface wind field structures (§3.5.3) are investigated using several

different diagnostics. The traditional track (i.e., motion) and intensity (e.g., MSLP and VMAX)

forecasts are provided along with evaluations for the TC forecast position error (relative to the

observed TC) and the translational velocity (i.e., forward motion speed). For the experiments

quantifying the NWP model forecast implications for the prescribed (near) surface TC wind

field initial conditions, the structure modulations are analyzed using the 10-meter wind-speed

integrated kinetic-energy (IKE) and a principle component analysis (PCA) for the 10-meter

streamfunction. From the PCA, the variance explained by each of the leading (e.g., 10) principle

components is computed and provided as a time-series.

The IKE is computed within a the region of tropical depression force (i.e., 14 ms−1) and

greater winds surrounding the TC vortex position from each experiment. The IKE is estimated

similar to Powell and Reinhold [2007] as:

IKE =
A

2

Nx
∑

i=1

Ny
∑

j=1

ρV 2 (3.9)

where A is the NWP model grid-length resolution, V is the wind-speed magnitude, and ρ is

the (near) surface (1-meter) air-density. Finally, Nx and Ny are the respective x and y grid-

dimensions for the aforementioned region of tropical depression and greater winds.

The evolution of the 10-meter wind field asymmetries is evaluated through an analysis of the

principle components computed from the singular value decomposition (SVD) [Lorenz, 1956] of

the 10-meter streamfunction. The SVD for a matrix X (i.e., gridded variable) may be written

as:

X = UΩVT (3.10)

where both U and V are orthogonal matrices of dimension M × N and N × N , respectively.

The matrix Ω is a diagonal matrix which is also of dimension N × N . We note that several

numerical routines exist to perform the SVD and that for the remainder of this manuscript the

routines provided by Press et al., [1992] are utilized.

The condition of orthogonality requires that the matrices U and V satisfy the following

condition:
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M
∑

i=1

ui,kui,n = δkn
1 ≤ k ≤ N
1 ≤ n ≤ N

N
∑

j=1

vj,kvj,n = δkn
1 ≤ k ≤ N
1 ≤ n ≤ N

(3.11)

where δkn is the Kronecker delta function. The singular values (ω) are defined along the diagonal

of the matrix Ω while the off-diagonal elements of Ω are zero permitting (3.10) to be expanded

as:

X = UΩVT =







u1,1 · · · u1,n
...

. . .
...

um,1 · · · um,n













ω1,1 · · · 0
...

. . .
...

0 · · · ωn,n













v1,1 · · · v1,n
...

. . .
...

vn,1 · · · vn,n







T

(3.12)

The elements of U are the eigenvectors computed from XXT while the eigenvectors computed

from XTX compose the matrix V. Finally, the eigenvalues from the matrix operation XTX

define the diagonal elements of Ω. The linear combination of U, Ω, and V enables the extraction

of a new data matrix which is constructed from only selected singular values. With respect to

a TC wind field, the SVD operation permits an isolation for the mean (i.e., symmetric) and

asymmetric components of the flow relative to the TC vortex.

To estimate the asymmetrical modulations within the respective TC 10-meter wind field

(using the streamfunction), the variance explained by each of the respective singular values (ωk;

or principle components) is computed as:

σ2
ωk

=
ω2

k

N
∑

k=1

ω2
k

(3.13)

In most instances, the variance explained by the first principle component is the largest.

As the asymmetries for respective 10-meter wind field modulate, the amplitude (or variance

explained) by the corresponding principle components will also modulate suggesting either a

nearly symmetric TC wind field (i.e., the variance explained by the first principle component

is very nearly 1.0) or the introduction of asymmetries when the variance explained by the first

principle component decreases as the variance explained by the subsequent principle components

increases.

80



Table 3.3: Atmosphere (WRF-ARW) NWP model physical parametrization for all experiments.

Parametrization Long-wave Short-wave Micro- Planetary Cumulus
Radiation Radiation physics Boundary Layer Convection

Rapid Lin et. al., Dudhia Yonsei- Betts-Miller-
Radiative University Janjic

Scheme Transfer (YSU)
Model

(RRTM)

3.5.2 The Impact of Assimilation Method for Short-Term Forecasts

To demonstrate the impact for a properly balanced TC vortex initial condition (relative to the

synoptic-scale environment), three experiments are conducted for TC Gustav (2008) beginning

0000 UTC 01 September. The (near) surface wind field is defined by the 0000 UTC 01

September H*WIND [Powell and Houston, 1996] surface wind analysis. The analysis and

resulting synthetic TC vortex wind field (constructed in §3.4) are assimilated into the filtered

GFS/AVN analysis using three different techniques. The first applies a direct-insertion or static

initialization (henceforth, STATIC) procedure where the synoptic-scale flow is not adjusted to

accommodate the synthetic TC vortex. Further, the direct-insertion method also assumes that

we do not have a’priori knowledge for the balanced thermodynamics of the specified TC. For

the second experiment (henceforth, TARGET), the initial intensity matches the observed MSLP

and VMAX following the 12-hour pre-forecast integration period. The respective intensities are

achieved using a nudging coefficient value of gu,v = 0.5×10−2 during the FDDA. Finally, the

third experiment (DYNAMIC) employs the DI methodology discussed in §3.4. The grid-length

resolution for each experiment is 6.0-km and the horizontal grid is centered at the HBTRA

position for TC Gustav (2008). The experiments do not include an evolving ocean (i.e., sea-

surface temperature) boundary condition. Finally, the grid dimension is 600×500×36 (X×Y×Z)

and the respective atmospheric physics parametrization are selected to be a close approximation

to those used by Davis et al., [2008] and are provided in Table 3.3.

The initial sea-level pressure (contour), 10-meter wind-speed magnitudes (shaded), and deep-

layer (850- to 200-hPa) mean wind-speed (vectors) for the respective (a) STATIC, (b) TARGET,
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and (c) DYNAMIC experiments18 are illustrated in Figure 3.19. The initial conditions for

STATIC illustrate a large, smoothly varying sea-level pressure field (with a minimum of 949-

hPa) while the deep-layer mean wind and 10-meter wind-speeds also do not suggest steep (and/or

substantial) gradients. However, the initial conditions for the TARGET experiment are quite

different. The sea-level pressure field, relative to the TC vortex position suggests very steep

pressure gradients. The minimum sea-level pressure is 952-hPa and the maximum 10-meter

wind-speed is approximately 109-kts. Although this application of the DI procedure was able

to assimilate the synthetic TC vortex wind profiles, define a corresponding TC vortex mass

field, and reach the observed intensity, the imbalances induced within the mass and momentum

variables – as a result of the aggressive nudging coefficient (e.g., 0.5×10−2 s−1), are suggested

by the sea-level pressure dipole indicated by the anomalous low-pressure to the north and west

and the anomalous high-pressure to the south and east of TC Gustav (2008). These features

will modify the surface level steering advection tendency toward the west and south-west while

the deep layer mean wind (vectors) also suggests a similar trajectory. Alternatively, the initial

fields for DYNAMIC are largely free of steep sea-level pressure gradients and the mass and

momentum variable imbalances suggested within the TARGET initial conditions. To reiterate,

the caveat for achieving a balance between the mass and momentum initial conditions using the

DI procedure is often an initial intensity that is weaker than the observed.

Figure 3.20 illustrates the short-term (i.e., 30-hour) track predictions for each assimilation

technique experiments. The gray shading is the NHC/TPC track prediction error as a function

of the NWP model forecast hour. The corresponding forecast hours for the NHC/TPC track

prediction error, the observed position (X), and the experiment determined positions are

indicated by the color shading. The importance of a balanced initial TC vortex state, relative

to the surrounding synoptic-scale environment, is suggested from the inter-comparison of TC

vortex track predictions for each experiment. Both the STATIC and TARGET experiments,

after approximately 15-hours, diverge from the observed track while the DYNAMIC experiment

track follows closely to the observations. Figure 3.21 provides the forecast (track) position error

(solid line) and the translational velocity (dashed line) for each experiment. Once again, the

divergence for the STATIC and TARGET occurs after forecast hour 15 and is due largely to the

STATIC (blue) and TARGET (red) experiment TC vortices slowing in their forward motion.

The DYNAMIC (green) experiment also suggests that the track error, particularly at later times,

18The initial conditions for the TARGET and DYNAMIC experiments are the FDDA results following the
12-hour pre-forecast integration to assimilate the respective synthetic TC vortices.
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Figure 3.19: The atmosphere initial conditions for the 0000 UTC 01 September TC Gustav
(2008) STATIC (a), TARGET (b), and DYNAMIC (c) experiments. The wind-speed magnitude
(kts) is shaded while the sea-level pressure (hPa) is contoured (gray). The deep-layer mean
(e.g., 850- to 200-hPa) wind-speed magnitude (kts) is illustrated by the vectors which are scaled
according to the legend.
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Figure 3.20: The NWP model track predictions for the respective experiments denoted in the
legend. The shaded gray region is the NHC/TPC track prediction error (valid following the 2009
NATL TC season) as a function of forecast hour (indicated by the color map within figure). The
observed track predictions, collected from the temporally interpolated aircraft reconnaissance
vortex data messages, are denoted by the colored X markers.

is the result of a slower moving TC vortex when compared to the observed translational velocity

(black).

Figure 3.22 provides the MSLP and VMAX time-series for each experiment. The DYNAMIC

MSLP time-series suggests a period of adjustment – particularly during the first-6 hours following

the DI19. Additional experiments (not illustrated) which employed the alternative WRF-ARW

19This adjustment problem has been investigated, also in the context of North-Atlantic cyclones, and the
results have suggested that small mismatches (e.g., imbalances) between the respective prognostic model fields
lead to (geostrophic) adjustments as the NWP model moves forward (integrates) from the prescribed initial
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Figure 3.21: The NWP model forecast track position error (relative to the available vortex data
messages; solid line) and the translational velocity (dashed line) for each experiment denoted in
the legend. The observed (e.g., computed from the available vortex data messages) translational
velocity is provided by the dashed black line.

boundary-layer parametrization (i.e., MYJ-TKE and NCEP-GFS) found differing tendencies for

the respective MSLP and VMAX time-series. The MYJ-TKE, in particular, demonstrated a

deepening (i.e., lowering of the MSLP intensity) following the initialization of the model while

the NCEP-GFS experiment was similar to the YSU (DYNAMIC) experiment. A further analysis

state [Swarbrick, 2001]. The adjustment (i.e., weakening following NWP model initialization) for the DYNAMIC
experiment may also be a consequences resulting from a combination of (1) the evolution of the initial condition
in the absence of the FDDA nudging and (2) the selected physical (i.e., convection, micro-physics, and boundary-
layer) parametrization. Further studies will be required to identify the exact causes for these adjustments and
subsequent techniques to understand alternative methodologies to mitigate the possible detrimental impacts from
the prescribed initial conditions.
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Figure 3.22: The MSLP (solid line) and VMAX (dashed line) intensity time-series computed
from the observations (i.e., from the available vortex data messages) and the respective NWP
model assimilation method experiments.

of these experiments suggested that the intensity metric evolution (particularly the MSLP) is

in part a function of the selected physical parametrization. As discussed in §3.4, this result is

not entirely surprising based on the respective parametrization estimates for TKE and the mass

and momentum exchanges (fluxes) between the planetary boundary-layer and free-atmosphere.

The MSLP time-series from the STATIC and TARGET experiments suggest the conse-

quences of the geostrophic adjustment process discussed by Gill [1982] and Pedlosky [1986].

For the STATIC experiment, the troposphere (with the exception of the surface) does not have

a’priori thermodynamic knowledge (e.g., balance) with respect to the specified synthetic TC
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vortex surface wind field. As the model integrates forward in time, the boundary-layer and

free-atmosphere communicate through the NWP model physical parametrization. The NWP

model troposphere (above the specified surface TC vortex) must compensate for the synthetic

TC vortex sea-level pressure and 3-dimensional wind profile. The initial gradient in geopotential

between the surface layer and the remainder of the troposphere induces a gravity wave collapse

of the free-atmosphere. As a result, the MSLP and VMAX intensities for the TC spin-down

and begin to weaken as the tropospheric mass and momentum fields seek a balanced state.

The TARGET experiment intensity time-series illustrates similar consequences to the

imbalances existing within the NWP model’s initial conditions. As the model integrates forward

in time (relative to the initial conditions), the result is once again the generation of gravity

waves. For this experiment, the gravity waves are a response to the synoptic-scale mass and

momentum balance which are unstable with respect to the assimilated TC vortex mass and

momentum attributes. The response of the NWP model atmosphere is similar to the response

of a fluid (e.g., a puddle) when an object (e.g., a pebble) impacts the surface. The surface

collapses downward and the resulting gradients induce instability and subsequent waves which

propagate in radial directions relative to the point of impact. The wave oscillations continue

until the flow has reached an equilibrium at a later time20.

A time-series of TC vortex longitudinal cross-section illustrations for the first 6-hours of

model integration (following the respective assimilation methods) is provided in Figure 3.23. As

previously stated, the STATIC (left) and TARGET (middle) experiments experience substantial

geostrophic and gravity wave induced adjustment and collapse. The STATIC experiment

illustrates the development of a very warm (∼ 7◦C) temperature anomaly (shown by the black

contours) between 850- and 400-hPa. The upper troposphere is also warmed (approximately 1

to 2◦C between 200 to 100-hPa) due to the 3-dimensional synthetic wind field. The geopotential

height anomaly (shown by the gray contours) follows in a similar fashion. As the troposphere

retains the TC vortex relative temperature anomaly, the TC vortex wind field responds by

spreading out and dissipating aloft while weakening as the profile approaches the surface. After

forecast hour 3, the TC vortex has reached a stable state with respect to the mass and momentum

attributes of the synoptic-scale environment.

The TARGET experiment time-series illustrates a similar collapse to that of STATIC

even though the DI procedure has defined a tropospheric mass profile in accordance with the

assimilated synthetic TC vortex wind profile. As the model begins integrating, the warm core

20This example is often referred to as the pebble and puddle analogy.
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Figure 3.23: Time-series of TC vortex centered longitudinal cross-sections for the first 6-
hours of the STATIC (left), TARGET (center), and DYNAMIC (right) assimilation method
experiments. The wind-speed magnitude (kts) is shaded while the 10◦×10◦ temperature (black)
and geopotential height (gray) anomalies are contoured. The respective time-series are provided
at 1-hour intervals.

temperature and geopotential anomalies expand at mid-levels (i.e., 700- to 400-hPa) while the

upper troposphere warms in a similar fashion to that seen in STATIC. Once again in response

to the collapse and gravity-wave radiation, the wind field begins to dissipate at upper-levels and

spreads radially at lower levels and continues to modulate (though decreasing in magnitude) for

the first 6-hours for the forecast.

The DYNAMIC (right) experiment momentum and mass profiles do not vary as substantially

as those shown in the STATIC and TARGET experiments. Although there remains inevitable

adjustment, the temperature and geopotential anomalies remain nearly stationary (with respect

to tropospheric elevation and radial expanse) and the wind profile does not appear to dissipate

at upper-levels as a result of gravity waves, but rather from a weakening tendency for the TC

vortex (also suggested by the observed MSLP time-series in Figure 3.22).

The implications upon the synoptic-scale environment immediately surrounding each TC

vortex initial conditions is illustrated in Figure 3.24. The TC vortex centered 500-hPa geometric

height Hovemöller diagrams are computed at 5-minute intervals during the first 6-hours of
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Figure 3.24: Latitudinal Hovemöller diagrams for the 500-hPa geometric height, centered at the
0000 UTC 01 September position for TC Gustav (2008), from the (a) STATIC, (b) TARGET,
and (c) DYNAMIC assimilation method experiments. Each of the 500-hPa geometric height
fields is computed at 5-minute intervals during the first 6-hours for each respective experiment.

model output for the (a) STATIC, (b) TARGET, and (c) DYNAMIC experiments. The initial

values for the STATIC 500-hPa isobaric surface (Figure 3.24a) are an artifact from the filtering

procedure discussed in §3.3. The forced warming of the troposphere, to accommodate the

specified TC vortex sea-level pressure and 3-dimensional wind profile, induces gravity-waves

which are illustrated by the successive oscillation patterns commencing at (approximately)

hour 2. The TARGET experiment also exhibits a similar feature but much more dramatic

and also more suggestive of the aforementioned pebble and puddle analogy. The respective

imbalances within the initial mass and momentum states provide a shock to the synoptic-scale

atmosphere (i.e., beyond the synthetic TC vortex assimilation region) and induce gravity-waves
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which modify not only the TC vortex (as illustrated in Figure 3.23), but also the synoptic scale

environment. For completeness, the same analysis is performed for the DYNAMIC experiment

and the results suggest a sufficiently more balanced state relative to the alternative (i.e., STATIC

and DYNAMIC) assimilation methods.

In conclusion, a consequence of a (gross) imbalance within the respective mass and momen-

tum model state variables (relative to the prescribed synthetic TC vortex and the synoptic-

scale environment) are suggested by the respective MSLP and VMAX time-series (see Figure

3.22). The implications for the aforementioned initial imbalances is (indirectly) suggested by

the NWP model track predictions illustrated in Figure 3.20. The NWP model response when

assimilating and attempting to maintain continuity between the prognostic mass and momentum

fields can result in the generation of artificial synoptic-scale features. This hypothesis is

substantiated by the dipole of high- and low-pressure illustrated in Figure 3.19b and the 500-

hPa geometric height oscillations illustrated in Figure 3.24. These artificial features may induce

downstream impacts by modifying the synoptic-scale environmental steering surrounding the

TC [Pike, 1985; Dong and Neumann, 1986; Velden and Leslie, 1991]. Further, to improve

the prediction for the respective TC’s intensity variability, the TC track prediction is of first-

order importance. Without an accurate prediction for TC track, an accurate prediction for TC

intensity is less meaningful due to the synoptic-scale influence for the TC’s (future) intensity

variability [Emanuel, 1988; DeMaria et al., 2005].

For the TC Gustav (2008) case study, the DYNAMIC assimilation method provided an

accurate prediction for TC track (compared to the available observations). The disagreement for

the observed and DYNAMIC experiment track predictions is largely attributed to a weaker initial

MSLP and VMAX state (see Figure 3.22) and thus the advection of the TC vortex by a different

(shallower) mean-layer flow than that of the observed [Velden and Leslie, 1991]21. Although

the MSLP and VMAX intensity time-series are weaker than the respective observations, the

evolution of TC Gustav (2008) is largely attributed to the selected NWP model physical

parametrization. The prognostic variable fields have not been overwhelmingly contaminated

by gravity-wave and geostrophic adjustments. Therefore, we affirm from these results that the

DYNAMIC experiment produced a TC forecast which was physically more consistent (with

respect to the NWP model) than the STATIC and TARGET experiment predictions for TC

21A future area of investigation must also evaluate the influence of the perturbations introduced to the synoptic-
scale environment by the analysis TC vortex filtering procedure (discussed in §3.3) before this hypothesis can be
fully substantiated.
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Gustav (2008).

3.5.3 The Impact of Initial TC Wind Field Structure for Short-Term
Forecasts

In this section, the resiliency of the synthetic TC vortex (following the DI procedure) is evaluated

and used to identify the implications for the assimilated TC wind field structures (i.e., size

and asymmetric position) initial conditions upon the NWP model predictions for TC track,

structure, and intensity. Each experiment assimilates a different 3-dimensional TC wind field

profile which is constructed from different (near) surface wind fields. The respective (near)

surface tangential wind profiles are obtained from in-situ analyses (i.e., H*WIND [Powell and

Houston, 1996]), operational NWP model initial conditions (i.e., the GFDL, GFS/AVN, and

HWRF), and an idealized (i.e., Rankine vortex22) formulation. Each synthetic TC vortex wind

field profile is assimilated using the DI procedure discussed in §3.4. The H*WIND [Powell

and Houston, 1996] analysis is the AL072008 0901 0000 post-analysis and the parameters for

the Rankine (henceforth, RANKINE) vortex construction are obtained from the extended best-

track reanalysis [DeMuth et al., 2006]23. The GFDL and HWRF (near) surface wind fields are

estimated from the 1/16◦ and 1/10◦ storm-centered inner-nests from the respective operational

model outputs. Finally, the GFS/AVN (henceforth, GFS) initial condition results from the DI

of the TC vortex within the GFS/AVN (original) analysis. Figure 3.25 illustrates the initial

10-meter wind-speed magnitude (shaded; kts), the sea-level pressure (contour; hPa), and MSLP

following the 12-hour pre-forecast DI for each experiment. The GFDL (a), H*WIND (c), and

HWRF (d) have very similar initial surface structures and intensities. The radial expanse for

the respective 10-meter wind fields and the positions for the 10-meter wind field asymmetries

are also similar. The GFS (b) initial TC vortex is approximately 25-hPa shallower (weaker)

than the GFDL, H*WIND, and HWRF vortices as a result of a 10-meter wind field that is more

broad and a sea-level pressure gradient that is much weaker. Finally, the RANKINE (e) initial

condition covers a smaller area than the other initial 10-meter wind fields. The RANKINE is

weaker than the GFDL, H*WIND, and HWRF but stronger and more compact than the GFS.

22The Rankine vortex formulation describes a tangential velocity profile which decreases with distance as 1/r

beyond the RMW while increasing linearly (with decreasing radius) within.
23The Rankine vortex experiment is included to further illustrate the role of the wind field asymmetries for

the predictions of the TC track, structure, and intensity. The GFDL [Kurihara et al., 1995] and HWRF initial
conditions are similar to the Rankine vortex formulation except that the asymmetries within the respective wind
fields are added to account for the wind field asymmetries induced by the TC’s forward motion.
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Figure 3.25: The initial conditions following the 12-hour pre-forecast DI procedure for the (a)
GFDL, (b) GFS, (c) H*WIND, (d) HWRF, and (e) RANKINE experiments. The wind-speed
magnitude (kts) are shaded and the sea-level pressure (hPa) is contoured. Note: The shading
levels for the wind-speed magnitudes are scaled to enhance the visualization for the respective
wind field structures.

The RANKINE 10-meter wind field asymmetries are small compared to the GFDL, H*WIND,

and HWRF, but are apparent and the result of the β-plane implications during the DI.

Figure 3.26 illustrates the EOF amplitudes for the environmental sea-level pressure (a

and b) and deep-layer (850- to 200-hPa) mean wind (c and d). The EOF amplitudes are

computed similar to the analyses illustrated in Figures 3.12 and 3.15, respectively. The

respective experiments are indicated by the corresponding color while the mean initial state

EOF amplitudes (black) and the variance (gray) about the mean EOF amplitudes is also

illustrated. The amplitudes for the leading EOF modes suggest that both the environmental sea-

level pressure and deep-layer mean wind are also similar and as a result the steering currents are

similar for each of the prescribed initial conditions. The smaller scale (larger EOF) variability,

particularly for the environmental sea-level pressure, result from the radial size variability for

each of the TCs and the computation of this metric (see §3.4). The small scale variability is

induced by the gradients occurring along the TC vortex regions isolated from the respective

EOF computations. Although these length scales are interwoven within the fabric of the larger

scales, the variability at these scales is assumed to be sufficiently small such that the impact

during the short-term forecasts (i.e., 30-hours) is negligible. Therefore we assume that each of
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Figure 3.26: The EOF amplitudes for each TC vortex experiment. Variable values which are
beyond 1000-km of the respective TC vortex position are considered in the calculations. The (a)
sea-level pressure and (c) deep-layer (i.e., 850- to 200-hPa) mean wind-speed magnitude EOF
amplitudes are illustrated in (a) and (c), while the mean initial condition and the variance about
the respective mean are illustrated respectively by the black (line) and gray (shading) for the
sea-level pressure (b) and deep-layer mean wind-speed magnitude (d).

the experiments begins from an (nearly) identical environmental initial state.

Figure 3.27 provides the 30-hour NWP model track predictions for each of the TC vortex

experiments. As stated previously, the GFDL, H*WIND, and HWRF initial conditions have

similar intensities, sizes, and position for the (near) surface wind field asymmetries while the GFS

and RANKINE initial TC vortices differ with respect to both their sizes and intensities. The

GFDL, H*WIND, and HWRF predicted positions are temporally and spatially co-located with

distance offsets of approximately 10- to 15-km prior to landfall (forecast hour 17)24. Following

24The distance offsets are considered an artifact of the NCEP tracking algorithm [Marchok, 2002] and the
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Figure 3.27: Same as Figure 3.20 but for the experiments evaluating the impact of the synthetic
TC vortex initial conditions.

landfall, the H*WIND experiment track remains similar to the observed track although lagging

by about 3-hours. The GFDL and HWRF post-landfall positions are deflected to the left of

the observed position and have a similar temporal lag as that of the H*WIND experiment.

The GFS and RANKINE vortex experiment tracks differ from the previous experiments. The

GFS result illustrates a trajectory to the west and south-west of the observed position (largely

attributed to the initial position) and is a far outlier with respect to the NHC/TPC forecast hour

track prediction error swath (gray). The RANKINE experiment is initially consistent with the

GFDL, H*WIND, and HWRF experiments but begins a westward deflection at approximately

procedures to locate geographical positions along a fixed-grid.
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hour 17 and continues to diverge from the observed position. The implications for the structure

and position for the TC vortex wind-field asymmetries upon the TC’s trajectory was studied in

detail by Smith et al., [1990]. It was concluded that TC vortices with large asymmetries (relative

to the size of the TC) have a persistent effect on the TC’s motion while smaller-scale asymmetries

provide less of an impact. Recalling from Figure 3.25 that the GFDL, H*WIND, and HWRF

asymmetries are of larger-scale than those of the RANKINE experiment and also that the

synoptic-scale (relative to the sea-level pressure and deep-layer mean wind) environments are

similar (see Figure 3.26), the TC track positions illustrated in Figure 3.27 coincide with the

findings of not only Smith et al., [1990], but also the earlier conclusions from Chan and Williams

[1987] and Fiorino and Elsberry [1989].

The position error (solid) and the translational velocity (dashed) for the respective ex-

perimental TC vortices are illustrated in Figure 3.28. The GFDL, H*WIND, HWRF, and

RANKINE experiments have similar track position error trends, particularly during the first

17-hours of the respective forecasts. The larger error for the GFDL experiment during the

first 5-hours is an artifact of both the NCEP tracking algorithm [Marchok, 2002] and the 6-

hour temporal smoothing applied to respective model predictions. The persisting large error

for the GFS experiment is due to the initial mis-positioning of the GFS with respect to the

observed position25. The initial position error is further amplified by the advection of the TC

vortex by steering currents which are potentially different than those advecting the TCs within

other experiments. TC vortices. The translational velocities for the GFDL, H*WIND, HWRF,

and RANKINE experiments illustrate similar time-series tendencies but different translational

velocities further relating the depth of the tropospheric advection layer to the intensity (MSLP)

of the TC vortex [Velden and Leslie, 1991]. At later times (i.e., forecast hour 20), the

translational velocity tendencies for the GFS and RANKINE experiments become similar and

the respective position errors are nearly identical. This suggests that a synoptic-scale feature has

acted to block or slow the forward motion for the translating TC vortex thus further magnifying

the initial track position error. The track prediction results from these TC Gustav (2008) case

studies suggest that the wind field asymmetries, TC vortex intensity, and TC vortex initial

position are competing attributes ultimately determining the future motion for the respective

TC vortex.

25The position of the initial TC vortex is a key component for predicting the future trajectory (as illustrated
by Figure 3.27). Thus, the importance of the filtering (§3.3) a mispositioned and the subsequent specification
(§3.4) is suggested here.
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Figure 3.28: Same as Figure 3.21 but for the experiments evaluating the impact of the synthetic
TC vortex initial conditions.

Figure 3.29 provides the MSLP and VMAX time-series for the respective experiments. The

observed MSLP (solid) and VMAX (dashed) time-series are also provided (in black). Each

experiment illustrates a weakening of the MSLP following the DI and subsequent forward

integration of the NWP model. This weakening tendency is enhanced for the more intense TC

vortices (i.e., GFDL, H*WIND, and HWRF) but is also evident when inspecting the respective

MSLP time-series for the RANKINE and GFS experiments. Further, not one of the experiment

intensity results correlate with the observed MSLP and VMAX intensity nor do they have

similar tendencies. The weakening trends and modulation tendencies following the NWP model

initialization suggest that the TC wind field structure (for the case of TC Gustav) is not a
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Figure 3.29: Same as Figure 3.22 but for the experiments evaluating the impact of the synthetic
TC vortex initial conditions.

first-order factor regarding the NWP model’s inability to correlate with the observed MSLP

(and VMAX) intensities.

Some recent studies have suggested that the use of coupled atmosphere-ocean models

improves the prediction for TC intensity [Bender et al., 1993; Bender et al., 2007]. However,

Bender et al., [1993], Bao et al., [2000], and Bender et al., [2007] have suggested that a sea-surface

temperature (SST; computed from a dynamical ocean-model that is forced by a dynamical

atmosphere-model) reduces the maximum intensity for the TC – in particular mature TCs

(i.e., TC Gustav). The reduction in the intensity results from a cooling of the upper-ocean

induced by the upwelling and cold-water entrainment and decreases the magnitude of the mass
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and momentum fluxes between the ocean and atmosphere. For each of the experiments in

this study, the SST boundary condition remains fixed during the forecast and thus does not

provide the aforementioned time-varying negative feedback for TC intensification. Therefore,

the quality and accuracy of the initial conditions defining each experiment’s TC vortex should

be scrutinized. In this study, and in particular §3.5.2, we demonstrated that the down-stream

impacts for the TC track and intensity predictions with respect to the synthetic TC vortex

assimilation technique. In this section we have applied the DI algorithm and found that the

initial MSLP and VMAX intensities are initially weaker than the observed (see Figure 3.29) and

are (at least in part) due to the physical parametrization applied both during the DI procedure

and the forward integration of the NWP model. The current choice for physical parametrization

(see Table 3.3) seem unable to spin-up a TC vortex with the initial structure and intensity of

that prescribed. Future studies should investigate variations to the (current) DI algorithm

including increasing the pre-forecast DI period (currently 12-hours) and also a reevaluating the

assumptions concerning the 3-dimensional wind profile construction (see Figure 3.10).

Although the experiment intensity time-series are not accurate relative to the observed, the

TC vortex resiliency may still be evaluated. We define the TC vortex resiliency as the model’s

tendency to preserve the specified initial structure structure and size for the TC wind field during

the subsequent NWP model forecast. The initial mass and momentum imbalances between the

specified synthetic TC vortex and the synoptic-scale prognostic variables may be evaluated using

the TC relative IKE time-series. For each experiment, the IKE is computed within the radius

of tropical depression (i.e., 14 ms−1) and greater winds relative to the corresponding TC vortex

position. Figure 3.30 illustrates the 10-meter maximum wind-speed swath (during each of the

30-hour forecasts). The wind-speed values are shaded only if they are greater than tropical-

depression strength and provide the TC vortex relative areas for the IKE computations. The

trajectory for each experiment’s TC vortex is illustrated by the respective motion vector. Figure

3.31 illustrates the IKE time-series for each of the experiments and the available observations

(i.e., H*WIND [Powell and Houston, 1996] analyses). The normalized IKE time-series are

computed relative to the maximum IKE value for each experiment’s time-series. Each normalized

experiment time-series, specifically the GFDL and RANKINE, suggest that there is a period of

adjustment (albeit short) as the NWP model begins integrating. However, after forecast hour

3, the normalized IKE time-series trends become similar while the normalized observed IKE

time-series demonstrates a similar trend. The cross-correlation statistic (dotted line) for the
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Figure 3.30: Normalized maximum 10-meter wind-speed magnitude swaths for the 30-hour (a)
GFDL, (b) GFS, (c) H*WIND, (d) HWRF, and (e) RANKINE 0000 UTC 01 September TC
Gustav (2008) forecast experiments. The storm motion during the forecast period is illustrated
by the respective vectors. The wind-speed magnitudes are normalized by the maximum wind-
speed during each of the respective 30-hour forecast experiments.
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Figure 3.31: The IKE time-series diagnostic computed from each the TC vortex relative 10-
meter wind-speed magnitude fields illustrated in Figure 3.30. The IKE is computed for each
wind-speed magnitude swath as indicated by the respective solid colored lines. The normalized
IKE is illustrated by the respective dashed colored lines. The cross-correlation (i.e., temporal
lag correlation) time-series for the experiment and the observed (i.e., H*WIND analysis) IKE
are illustrated by the dotted lines. The observed (and normalized) IKE are denoted by the solid
(and dashed) black lines.

observed and the respective experiment IKE time-series (indicated by color) suggests that the

NWP model IKE variations lag the observed IKE variations by approximately one-half hour.

Finally, it may seem counter-intuitive that the IKE time-series for the respective experiments

vary as they do (e.g., the GFS experiment has a larger IKE value when compared to the other

experiments – each of which have larger VMAX intensities). Recall, however, from (3.9) that

the IKE is the sum squared for all wind-speed values within a specified radial distance relative
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Figure 3.32: Time-series for the variance explained by the first-10 principle components from the
(a) GFDL, (b) GFS, (c) H*WIND, (d) HWRF, and (e) RANKINE experiments. The forecast
hours (at 3-hour intervals) are indicated by the color and denoted within the respective inset
figures. The inset figures also illustrate the variance explained (as a percentage) by the first
principle component as a function of forecast hour. The PCA is performed on the TC vortex
relative streamfunction computed from the 10-meter wind vectors.
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to the respective TC vortex position. To further demonstrate this caveat, consider (for example)

two cases where there exist wind analyses within identical regions (i.e., having the same areal

coverage). The first case has lower wind-speeds, but a larger spatial coverage for the lower wind

values (e.g., GFS). The second case has higher wind-speeds (compared to the first case), but a

smaller spatial region of higher winds (e.g., GFDL). According to (3.9) the potential exists to

compute similar IKE values even though the wind field spatial structures and VMAX intensities

are different. Therefore, although the IKE metric provides insight relative to the resiliency of

the synthetic TC vortex, it does not provide a rigorous method from which to diagnose the

evolution of the TC wind-field asymmetries.

Figure 3.32 provides a time-series for the variance explained by each of the leading principle

components computed from each TC vortex experiment in this section. The PCA, as stated

previously, provides a mathematical method for analyzing the different spatial structures within

a given data set. In this case, the data set is the streamfunction computed from the TC vortex

relative 10-meter wind vectors within the same region as the IKE computations (see Figure

3.30). The leading principle components, similar to the eigenvalues computed from the EOF

decomposition, define the spatial modes which dominate the spatial variability. For TC vortices

in the absence of very highly-sheared environments, the first principle component will explain

nearly all of the spatial structure variance. This attribute for the PCA and the variance explained

by each of the principle components is demonstrated in Figure 3.32. The GFDL (a), H*WIND

(c), HWRF (d), and RANKINE (e) experiments (all of which are initially very symmetric as

illustrated in Figure 3.25) illustrate nearly identical time-series and suggest that the structures

(defined by the respective initial conditions) remain resilient during the model integration.

The GFS (b) experiment principle component time-series suggests a similar resiliency. The

similarities for the results suggests that regardless of the structure (i.e., small TC vortex eye-

regions, forward motion induced asymmetries, etc.) defined during the DI procedure, the NWP

model does not induce large TC vortex-scale adjustments when the initial TC vortex mass

and momentum prognostic variables are appropriately balanced relative to the corresponding

synoptic-scale prognostic variable fields.

3.6 Conclusions and Future Investigations

Beginning with the hypotheses regarding the importance for TC relative initial conditions [Hoke

and Anthes, 1977] which were followed shortly thereafter by the innovation and implementation
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of various TC vortex initialization methodologies [Fiorino and Warner, 1981; Iwasaki et al.,

1987; Mathur, 1991, Kurihara et al., 1993; Kurihara et al., 1995], rapid improvements for

TC track and intensity prediction occurred. Since these improvements, much emphasis has

been focused upon the quality of the initial conditions for the respective NWP model. For

nearly two decades, scientists and researchers have applied a multitude of data assimilation

techniques [Zou and Xiao, 2000; Xiao et al., 2000; Zhang and Snyder, 2007; Xiao et al., 2006] to

define initial conditions to provide accurate NWP model predictions for TC track, intensity, and

structure. However, as suggested by Franklin [2008], although the application of NWP models

has provided improvements for TC track prediction, correctly forecasting the TC’s intensity

remains problematic. In this study a TC vortex initialization algorithm, inspired by the success

of the GFDL TC prediction model methodology (which circa 2009 was the top performing model

relative to both track and intensity), we formulated and developed a TC vortex DI procedure

within the framework of WRF-ARW v2. We composed a methodology which defines a TC vortex

filter region similar to that defined by Kurihara et al., [1995] to contain and subsequently filter

the 3-dimensional thermodynamic and momentum state variable attributes for the TC. We next

demonstrated the construction of a 3-dimensional TC vortex wind profile from a 2-dimension

(near) surface wind analysis (H*WIND) for TC Gustav (2008) 0000 UTC 01 September. We

illustrated 3-different assimilation processes and diagnosed the synoptic-scale implications of

choosing a FDDA nudging coefficient (i.e., assimilation rate), the assimilation technique (i.e.,

STATIC, TARGET, and DYNAMIC), and the subsequent TC vortex resiliency from balanced

TC vortex-relative and synoptic scale initial conditions.

An evaluation of the NWP model TC trajectories computed from each assimilation technique

experiment further illustrated the importance of TC synthetic vortex and synoptic-scale model

state variable balance. The gravitational collapse (see Figure 3.23) and gravity wave adjustment

(see Figure 3.24) induced upon the synoptic-scale environment (surrounding the assimilated TC

vortex) illustrated a non-negligible downstream impact for the track prediction of TC Gustav

(2008) (see Figures 3.20 and 3.21) despite the similar MSLP and VMAX intensity tendencies

during the respective NWP model forecasts. The results from the STATIC, TARGET, and

DYNAMIC experiments suggested that the synoptic-scale environment is an important attribute

which must be considered relative to TC track prediction and is consistent with previous studies

evaluating the environmental steering flow impacts upon TC trajectory [Pike, 1985; Dong and

Neumann, 1986; Goerss, 2006]. The DYNAMIC experiment (i.e.,the DI methodology developed

104



in §3.4) produced a TC vortex trajectory which had very good agreement with the NHC/TPC

forecast hour track prediction when compared to the STATIC and TARGET experiments.

However, despite the minimal synoptic-scale modifications and the accurate prediction for the

TC track, the DYNAMIC experiment MSLP and VMAX time-series were both weaker and out

of phase with respect to the observed intensity time-series.

We next investigated the impact which the TC vortex initial wind-field structures had

for the respective track and intensity predictions. Similar to the experiments evaluating the

different assimilation techniques, we identified that the DI described in §3.4 resulted in TC

track predictions which were similar to the observed trajectory but remained weaker than the

observed MSLP and VMAX intensities. Each experiment MSLP and VMAX intensity time-

series illustrated self-consistent timings for the weakening and intensifying phases but provided

different intensities. The general agreement for the GFDL, H*WIND, and HWRF experiment

initial intensities suggested that the assimilated 10-meter (or near surface) wind-field size and

asymmetries enabled the NWP model’s DI procedure to define the initial MSLP and VMAX

intensities which were closer to the observed. Further, each of these experiments produced

TC tracks and translational velocities (see Figure 3.28) which were comparable. The initially

mispositioned GFS and the symmetric (RANKINE) initial conditions resulted in leftward TC

track deflections and were nearly 25- and 15-hPa shallower (weaker) respectively. However, the

DI procedure (using the value for gu,v prescribed in §3.4) resulted in TC vortex initial conditions

which remained largely resilient to the post-FDDA procedure instabilities during the respective

30-hour forecasts.

The experiments performed in this study for TC Gustav (2008) have motivated additional

questions related to the initialization of the TC vortex within NWP models. Many pertain to

the validity of the NWP model physical parametrization while perhaps the most concerning

is related to the importance for a balanced set of TC vortex-relative and synoptic-scale initial

conditions. The physical parametrization utilized in this study seemed limited in their respective

and combined abilities to simultaneously predict the trajectory and intensity tendencies which

are similar to those observed. The experiments conducted in §3.5.2 and §3.5.3 suggested that

a balanced initial TC vortex with respect to the synoptic-scale environment is imperative due

to the respective TC track predictions. Further, the prediction for TC track is of first-order

importance when attempting to predict TC intensity as suggested by the synoptic- and meso-

scale predictors influencing the MSLP and VMAX modulations [DeMaria et al., 2005]. If

the NWP model’s track predictions are consistently positive and the biases for the respective
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NWP model’s intensity prediction are better recognized, the respective NWP model’s intensity

predictions may be bias-corrected to account for these attributes. A future area of investigation

will involve the compilation of several experiments using the DI scheme developed for this study.

From these experiments will follow a subsequent comparison for the NWP model predicted

intensities to those observed in order to evaluate the predictive bias. This result will help to

further support the use of meso-scale NWP models (i.e., WRF-ARW) and will provide further

validation for the DI method as a forecast tool for TC intensity prediction.
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CHAPTER 4

CONCLUSIONS AND MOTIVATIONS FOR FUTURE

STUDIES

The coupled atmosphere-ocean model and the tropical cyclone (TC) vortex initialization

procedures developed in this study have provided a laboratory setting within which to test

the following hypotheses:

1. The lack of an evolving sea-surface temperature (SST) boundary condition responding

to the forcing induced at the surface by the atmosphere model and a TC vortex (e.g.,

coupled-model) [Price, 1983; Brooks, 1983; Bender and Ginis, 2000; Shay et al., 2000;

Chan et al., 2001].

2. Insufficient use of high-resolution, in-situ wind observations which define the initial

conditions for the TC vortex, specifically the horizontal and vertical wind profiles [Anthes,

1974; Kurihara et al., 1993; Serrano and Unden, 1994; Kurihara et al., 1995].

3. The use of TC vortex initial conditions which are positioned correctly, of accurate intensity,

and balanced with respect to the numerical weather prediction (NWP) model grid-

length resolution and physics parametrization [Fiorino and Warner, 1981; Mathur, 1991;

Kurihara et al., 1993; Bender et al., 1993b; Kurihara et al., 1995; Bender and Ginis, 2000].

4. The current suite of NWP model physics parametrization are non-representative of the

atmosphere and ocean conditions (i.e., atmospheric boundary-layer, ocean mixed-layer,

and air-sea interactions) [Emanuel, 1986; Chen et al., 2007] particularly during the passage

of TCs [Powell et al., 2003; Nolan, 2005; Moon et al., 2007; Fiorino, 2010].

In Chapter 2, the aforementioned coupled atmosphere-ocean model was employed to inves-

tigate 120-hour predictions for TC Bertha (2008) beginning 0000 UTC 10 July. This case study
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was selected because of the observed [Rhome, 2008] impacts for the TC upon the upper-ocean

(i.e., ocean mixed-layer) and the subsequent negative feedback to the TC intensity. Using this

case study, we demonstrated the impacts which (1) the evolving SST boundary condition have

for the NWP model’s prediction of the TC track, structure, and intensity and (2) the ocean

sensitivity (i.e., ocean response) to various atmosphere-model representations for the respective

TC vortex. The conclusions from the TC Bertha (2008) experiments were the following:

1. The SST boundary condition does not play a significant role for determining the short-term

(e.g., 0- to 72-hour) trajectory for Bertha (2008). The small differences in track positions

(between the control simulations and the coupled-model experiments) – particularly at

later forecast hours, likely result from the modest differences in Bertha’s intensity and

translational velocity (i.e., forward motion). These differences can lead to the advection

of the TC Bertha (2008) vortex by different steering currents (as discussed by Velden and

Leslie, [1991]).

2. The evolving SST boundary condition has a significant impact only within the immediate

environment (i.e., with 600-km of the TC vortex center) for TC Bertha (2008) while the

synoptic-scale environment remains largely unchanged. Further, the upper-ocean heat-

content (i.e., tropical cyclone heat potential; TCHP) and SST appear very sensitive to

both the structure and magnitude of the momentum forcing – in particular the (ocean)

surface friction velocity (U∗).

3. An inter-comparison of the observed and coupled-model computed along-track SST

suggests that the initial conditions and grid-length resolution of TC Bertha (within

the regional/global analysis providing the initial and lateral boundary-conditions for the

atmosphere model) are not effectively resolving the key features (i.e., wind field structure,

position, and initial intensity) that may required for the coupled-model to accurately

predict (relative to observations) the intensity required of TC Bertha (2008) to generate

accurate upper-ocean mixing and cold water entrainment subsequently leading to cold-

wakes.

The comprehensive conclusion from the coupled-model experiments suggest that initial con-

ditions which incorrectly position the TC (and the associated wind field asymmetries) will

lead to a misrepresentation for the upper-ocean response (i.e., misplaced cold-wakes) due

the misalignment of the ocean mixed-layer currents and surface wind forcing. The resulting
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misplacement of the TC cold-wake and the incorrect implications for the TCHP will incorrectly

quantify the (upper-ocean) energy available leading to NWP model prediction biases for the

track, structure, and intensity. Therefore, the effectiveness of the coupled-model for the TC

Bertha (2008) experiments is only as capable as the initial conditions which define the TC vortex

and as a result argues that emphasis be placed upon data assimilation methods to initialize the

TC. However, prior to incorporating these methods within a coupled-model framework, the

limitations related to the TC vortex dynamic initialization methods must investigated.

In Chapter 3, an algorithm (motivated by the success of previous methods [Kurihara

et al., 1993; Kurihara et al., 1995]) to isolate and filter an analysis TC vortex and then

replacing it a synthetic TC vortex (constructed from 2-dimensional in-situ (i.e., H*WIND

[Powell and Houston, 1996]) and empirical wind profiles) is described. A case study using

the Global Forecasting System/Aviation Analysis (GFS/AVN) representation for TC Gustav

(2008), beginning 0000 UTC 01 September, illustrated the impacts of the dynamic initialization

(DI) process upon the synoptic scale environment when assimilating a synthetic TC vortex.

The gravitational collapse and adjustment resulting from a TC vortex initial condition which

is grossly unbalanced relative the NWP model synoptic scale initial conditions was identified

by a series of data assimilation technique experiments. The results suggest that an initial

condition, computed using a DI of the respective NWP model, should avoid forcing the initial

conditions to contain the observed minimum sea-level pressure (MSLP) and maximum wind-

speed (VMAX) intensity values. Increasing the nudging coefficient (i.e., the rate at which

the respective observations are assimilated into the NWP model) can induce discontinuities

within the mass and momentum NWP model state variables and subsequently modify the

synoptic scale environment. These modifications can alter the downstream steering currents (i.e.,

deep-layer mean flow) resulting less-skillful track predictions. Without accurate NWP model

prediction for TC track, an accurate prediction for TC intensity (and structure) is impossible

due to a subsequent misdiagnosis of synoptic-scale predictors responsible for the TC intensity

modulations [Emanuel, 1988; DeMaria et at., 2005].

Chapter 3 also demonstrated that when the balance between the NWP model mass and

momentum state variables is considered during the data assimilation procedure (using a properly

chosen nudging coefficient), the prescribed initial condition for the structure of TC Gustav (2008)

are maintained (e.g., the notion of vortex resiliency; [F. Marks – personal communication]).

Further, the observed wind field asymmetries within the radial profiles (collected from the

H*WIND and the available operational NWP model initial conditions) for TC Gustav (2008)
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0000 UTC 01 September also suggest that wind field features may be important for determining

the initial MSLP and VMAX intensities as compared to experiments using a very broad wind

profile (GFS) and only β-plane induced (RANKINE) asymmetries.

The coupled-modeling effort and its application for further understanding the TC intensity

prediction problem remain in their infancy. The coupled-model (described in Chapter 2)

considers only the impact and model state modulations depicted by the current state-of-the-

art atmosphere (WRF-ARW) and ocean (HYCOM) prediction models. Recent studies [Powell

et al., 2003; Moon et al., 2004; French et al., 2007] have suggested that the coupling of the

respective geophysical fluids, as described by the aforementioned atmosphere and ocean models,

is considerably more complicated during TC conditions. The WRF-ARW and HYCOM models,

although applied independently to the TC prediction problem [Xiao et al., 2006; Davis et al.,

2008; Halliwell, 2004], utilize physics parametrization which independently perform satisfactorily

during TC events. However, when coupled they result in atmosphere features (i.e., TC track,

structure, and intensity) and ocean features which are (often dramatically) different than those

observed. From a dynamics perspective and using scale analysis (both length and temporal),

the weaknesses for the NWP model physics parametrization are more enhanced during the

atmosphere model integration.

The coupling algorithm and computation of the variables required to force HYCOM (i.e.,

the momentum fluxes) are estimated using a formulation derived from observations collected

within low wind-speed regimes [Kara et al., 2000]. It has been confirmed from both laboratory

[Donelan et al., 2004] and observations [Powell et al., 2003] that the surface-exchange coefficients

are critical components for the computation of the heat and moisture fluxes and that the com-

plexities for their behavior increases within TC influenced environments [Powell and Reinhold,

2007; Vickery et al., 2009]. Resulting from the current suite of physical parametrization,

the momentum fluxes into the ocean become less like those which have been observed and

provide a plausible explanation for the discontinuities between the observed and the NWP

model (predicted) features. Future studies, using the coupled-model described in Chapter 2,

should consider the implementation of a wave-model (i.e., WAVEWATCH3) only once the details

and limitations for the current atmosphere- and ocean-model physics parametrization (as they

pertain to TC studies) are addressed and understood.

Finally, the initialization of the TC vortex within the atmosphere model also requires

additional consideration. The foremost is the application of empirical profiles to construct

the 3-dimensional synthetic wind-speed profile estimated from (near) surface wind analyses (see
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Figure 3.10). Since the position, structure, and intensity defining the TC vortex initial condition

are based on the specified profile, the accuracy of the 3-dimensional wind-speed structure is of

utmost importance. Future studies are required to derive a case-dependent vertical profile rather

than the fixed empirical profile provided in Chapter 3. Also, the assimilation of TC troposphere

thermodynamic observations, such as those collected by Winterbottom and Xiao [2010], should

also be considered during the DI procedure. These considerations may help to reduce the initial

biases for the NWP model and observed intensities.
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APPENDIX A - SOURCE CODE MODIFICATION

FOR MODEL COUPLING

The algorithm (illustrated in Figure 2.2) to couple the atmosphere (WRF-ARW) and ocean

(HYCOM) models, composing the coupled atmosphere-ocean model, requires modification to

the WRF-ARW (version 2.2) source code. The coupling variable (i.e., the variable which acts

as the interface for the respective models) is the sea-surface temperature (SST). The WRF-

ARW model enables temporally varying SST values to be ingested from an external Network

Common Data Form (NETCDF) file (i.e., wrflowinp d01). The default temporal interval is

that of the analysis files providing the initial and lateral boundary-conditions to WRF-ARW.

The aforementioned coupling algorithm modifies the temporal interval in wrflowinp d01 and

modifies it to be that of the specified coupling interval (e.g., the HYCOM baroclinic time-step).

Figure A.1 illustrates the default (a) and modified (b) time array values within wrflowinp d01

for the TC Bertha (2008) case study provided in Chapter 2.

Perhaps the simplest way to couple two independent atmosphere and ocean models, which are

defined on (nearly) co-located horizontal grids, is to (1) integrate the atmosphere-model forward

in time, (2) stop the atmosphere-model and exchange (interpolate) variables for coupling, (3)

integrate the ocean-model forward in time, (4) stop the ocean-model and exchange (interpolate)

the SST variable for coupling, and (5) restart the respective atmosphere-model with the updated

SST variable. Although this method works, it is not only inefficient in terms of wall-clock

time (per simulation) but also is an inefficient use of high-performance computing platforms.

Therefore, the WRF-ARW model source code is altered to enable just-in-time model coupling.

The WRF-ARW subroutine /WRFV2/frame/module integrate.F is modified to include a

series of logic statements to determine whether it is time for the respective atmosphere and ocean

models to communicate (i.e., couple). When the atmosphere-model has reached a coupling time,

the modifications (added to the aforementioned subroutine) signal the coupled-model driver

routines to proceed with the interpolation and computation of the atmosphere model variables

(illustrated in Figure 2.2). The provide the atmospheric forcing for HYCOM and the boundary
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Figure A.1: The WRF-ARW SST update times from the NETCDF-formatted wrflowinp d01

file. (a) The (default) temporal SST update times as defined by the 12-hour analysis initial and
lateral boundary-conditions. (b) The SST update times as defined by the 10-minute ocean-model
(HYCOM) baroclinic time-step (i.e., model coupling interval).

conditions for the subsequent integration. Once HYCOM has integrated forward in time, and

reached the equivalent time as the atmosphere-model, the SST variables are interpolated to the

WRF-ARW horizontal grid and the driver routines subsequently signal the atmosphere-model

to continue with the forward integration until the next coupling time is reached.

Alternative methods to the coupling algorithm designed and implemented in this manuscript

(i.e., ESMF, MCT, etc.) store the required atmosphere and ocean coupling variables in the

computer’s local memory thus further improving the efficiency of the coupling procedure.

To increase the efficiency for the methodology presented in this study, the required coupling

variables are written to external NETCDF WRF-ARW formatted files. For large domains such

as the domains configured for the coupled-model experiments in this study, the native WRF-

ARW output files are very large (e.g., approximately 2- to 3-gigabytes) and consume additional

wall-clock resources during their creation (e.g., 45-seconds per file). Therefore, the WRF-ARW

/WRFV2/Registry/Registry.EM is modified to write only the required coupling variables to

the aforementioned NETCDF files. This reduces the size of the output files containing the

113



2-dimensional atmosphere coupling variables (e.g., approximately 190-megabytes) and reduces

the wall-clock resources required to write the respective files (e.g., about 0.9-seconds per file).
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APPENDIX B - CO-LOCATING THE ATMOSPHERE

AND OCEAN MODEL GRIDS

The coupling algorithm described in Chapter 2 and illustrated by Figure 2.2 requires that the

atmosphere and ocean models (and all additional 2- and 3-dimensional models) are (nearly)

co-located. The coupling of the models (i.e., the exchange of flux and boundary condition

information) can thus be achieved using (simple) interpolation routines. When the offset

between the respective model grids is minimal, the error introduced during the interpolation

process is also minimal. However, as the offset increases so does the potential for interpolation

error during the coupling procedure. For the coupled-model and the experiments presented

within this manuscript, the Advanced Weather Research and Forecasting (WRF-ARW) model

[Skamarock et al., 2005] is spatially co-located with the HYbrid-Coordinate Ocean Model

(HYCOM) [Bleck, 2002; Chassignet et al., 2003; Halliwell, 2004] horizontal grid. In the

following sections, the construction for the respective HYCOM and WRF-ARW horizontal grids

is discussed followed by the implications for the resulting co-located grid.

HYCOM Grid Computation

The horizontal grid for the HYCOM is computed as follows:

ψi,j = ψr + iRψ
λi,j = [2 arctan[exp (Rλ(j− λr)/rad) − π/2]rad

(B.1)

where Rψ and Rλ are the grid-length resolutions (i.e., 1/16◦) for the longitude (ψ) and latitude

(λ) coordinates, respectively. The reference longitude and latitude coordinates, ψr and λr,

for the ocean model grid are accordingly 262.0 and -90.0. The grid coordinates for which the

longitude and latitude coordinate is computed are denoted by i and j, respectively. The initial

(i.e., anchor) grid point (1,1) is determined by the values selected for ψr and λr and the solutions

to (B.1).
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Figure B.1: The spatially co-located atmosphere and ocean model grid longitude and latitude
grid-cell coordinate value differences (offsets).

WRF-ARW Grid Computation

The WRF-ARW model grid is computed in similar fashion to that of HYCOM. However, rather

than defining the anchor grid point at (1,1), the WRF-ARW reference point is defined to be

the center of the horizontal grid. For the construction of the co-located grids, the WRF-ARW

reference grid point is defined by the HYCOM grid center point (computed above). Next, the

distance from the equator to the geographical position (ψr, λr) at the reference grid point is

computed as:

Requator =
1

log [(λr + 90)]
·

1

∆ψ
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where ∆ψ is the distance between successive longitude coordinates computed as:

∆ψ =
∆x

Re cos(λr)

The grid-length resolution for the WRF-ARW horizontal grid (i.e., 8810.6 meters) is denoted

by ∆x and Re is the radius of the Earth. Finally, the atmosphere-model geographical positions

are computed as:

ψi,j = (i− X/2)∆ψ + ψr

λi,j = [2 arctan[exp (∆ψ[Requator + (j − Y/2)])]] − 90
(B.2)

Figure B.1 illustrates the HYCOM and WRF-ARW grid cell longitude and latitude value

differences (offsets) as computed from (B.1) and (B.2) respectively. We note that the minimum

difference occurs at the reference geographical position for the WRF-ARW grid (i.e., 55.4W,

28.575869N). The difference increases linearly for the longitude values (blue) while the non-

linear attributes for the Mercator map projection are illustrated when examining the differences

for the latitude values (red). As a result, interpolation procedures are required to couple the

respective atmosphere and ocean models.
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APPENDIX C - TAYLOR DIAGRAM

CONSTRUCTION

Figure C.1: An example Taylor diagram providing the relation between a test variable
(experiment) and a reference variable (observation). The relationships are indicated by the
similarity of the patterns (e.g., correlation) and the amplitude of the spatial variations (e.g.,
standard deviations).

Taylor diagrams provide an effective method for illustrating and summarizing the relationship

(patterns) between variables [Taylor, 2001]. Figure C.1 provides a sample Taylor diagram for a

reference variable (observation) and a test (experiment) variable. The relationship is provided as

a function of time where the respective time is denoted by the shading for the reference standard
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deviation (shaded arc), the test standard deviation, and spatial correlation (both denoted by

position of respective •). A perfect agreement between the reference variable and a test variable

occurs when the spatial variations (e.g., the standard deviations) are identical and the spatial

correlation is equal to 1. In Figure C.1, the best match between the observations and experiment

variable values is denoted by the violet arc and corresponding •. As the forecast time increases

(as denoted by the shading of the respective statistical measures) the reference and test variable

values becomes increasingly dissimilar. In Figure C.1, the worst agreement for reference and

test variables is illustrated by the red arc and •. Several other (descriptive) statistical measures

may be illustrated by the Taylor Diagram and are discussed in further detail by Taylor [2001].

For this study, the standard deviation and spatial correlation coefficients are used to identify the

relationships between variables. This manuscript also contains variations to the Taylor Diagram

illustated in Figure C.1 including correlation arc which range from -1 to 1 (to indicate instances

of negative correlations and lines connecting temporally co-located reference and test variables.

The standard deviation and correlation defining the respective variable relations illustrated

in this study are computed as:

σr =

√

√

√

√

1

N

N
∑

n=1

(

rn − r
)

(C.1)

σf =

√

√

√

√

1

N

N
∑

n=1

(

fn − f
)

(C.2)

where r and f are the reference and test standard deviations, respectively. The (Pearson) spatial

correlations are computed as:

R =

1

N

N
∑

n=1

(

fn − f
)(

rn − r
)

σrσf

(C.3)

The overbars in (C.1) - (C.3) denote the mean value computed from the respective N reference

and test variable measurements. After computing σr and σf , the time-series of standard

deviation values (from the observation and experiment values) are normalized with respect to

the maximum σr and σf values. This enables the display of and/or the comparison of variables

with different units and magnitudes of measure. Finally, the Taylor Diagram is constructed

using the GRid Analysis and Display System (GrADS; Doty and Kinter [1992]). A GrADS
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script to compute and construct the Taylor Diagrams displayed throughout this manuscript

may be obtained from the author and used with proper citation.
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APPENDIX D - TROPICAL CYCLONE VORTEX

FILTERING ALGORITHM GRID-LENGTH

RESOLUTION INDEPENDENCE

The Geophysical Fluid Dynamics Laboratory (GFDL) tropical cyclone (TC) prediction model

[Kurihara et al., 1993; Kurihara et al., 1995] incorporates a filtering algorithm to remove a global

analysis TC vortex prior to specifying a synthetic and more accurate TC initial condition. The

TC vortex filtering algorithm presented in §3.3 is similar to the approach of Kurihara et al.,

[1993] and the further modifications discussed by Kurihara et al., [1995].

Prior to filtering, Kurihara et al., [1993; 1995] partition a global analysis model state variable

(h) into a basic (hB) and a disturbance (hD) component where hB represents the large-scale flow

features within the global analysis while hD describes the anomalies induced upon the flow by the

TC. The size of the analyzed TC vortex (hav) is case dependent and estimated as described by

Kurihara et al., [1995]. An environmental field (hE) is subsequently computed by recombining

the non-TC model state variables with the basic field as follows:

hE = hB + (hD − hav) (D.1)

The large-scale flow attributes for the respective model state variable are estimated using an

iterative three-point smoothing operator to first decompose the variable in the zonal direction

as:

h
λ,ψ = h

λ,ψ +K
(

h
λ−1,ψ + h

λ+1,ψ − 2h
λ,ψ

)

(D.2)

and next in the meridional direction as:

h
Bλ,ψ = h

λ,ψ +K
(

h
λ,ψ − 1 + h

λ,ψ + 1 − 2h
λ,ψ

)

(D.3)

The strength of the filtering is controlled by the coefficient K which is computed as:
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K =
1

2

(

1 − cos
2π

m

)

(D.4)

The value for m is varied, during the course of successive applications of (D.2) and (D.3) as

2, 3, 4, 5, 6, 7, 2, 8, 9, and 2. These values are determined empirically and are applicable

for the 1◦×1◦ Aviation (AVN) Model Analysis. Applying these values to model state variables

which are of higher horizontal grid-length resolution may fail to entirely remove the TC vortex

related anomalies and thus introducing artificial gradients when the environmental components

for the respective variables are reconstructed as described by Kurihara et al., [1995]. These

short-comings may be overcome by varying the values for m and also increasing the number

of applications for (D.2) and (D.3). However, these modifications require experimentation

and subsequent tuning of the GFDL filtering algorithm as a function of different grid-length

resolution analyses.

The analysis TC vortex filtering algorithm developed and utilized for the experiments

provided in this manuscript do not require tuning for coefficient values as the grid-length

resolution varies. The case study for 0000 UTC 01 September TC Gustav (2008) (see Chapter

3) employed this algorithm to the Global Forecasting System (GFS; formally AVN; GFS/AVN)

model state variables which are interpolated to a 6-km horizontal grid-length resolution. The

subsequent experiments suggested that the dominant components of the TC signal within each

of the model state variables had been filtered therefore providing an estimate of the model

state variables as though the TC were not present. In this section, we have interpolated the

aforementioned GFS analysis to grid-length resolutions of 12-, 24-, 48-, and 96-km and evaluated

the number of iterations required to filter each model state variable and the GFS model state

variables before and after the application of the filter.

Figure D.1, similar to Figure 3.4, illustrates the time-series (i.e., number of filter applications)

for each 3-dimensional model state variable and sea-level pressure. The analysis isobaric

elevations are indicated by the respective color while the grid-length resolutions are denoted

in the legend. The model state variable convergence values (∆σ), listed in Table 3.1, are applied

for each experiment. The number of iterations, as function of isobaric elevation, are consistent

with the attributes of a warm-cored TC vortex. However, as the grid-length resolution becomes

more coarse, the number of iterations decreases. This suggests that although the algorithm does

not require tuning as a function of grid-length resolution, the number of iterations required to

converge to the specified ∆σ is resolution dependent with respect to the increasing (decreasing)
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Figure D.1: Similar to Figure 3.4 but for the analysis TC vortex filtering algorithm (provided in §3.3) as applied to varying
grid-length resolutions (indicated by legend).
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Figure D.2: The 10-meter wind-speed magnitude (colored vectors) and the sea-level pressure (contour) variables before (a, c,
e, g) and after (b, d, f, h) the application of the TC vortex filtering algorithm to the 12-, 24-, 48-, and 96-km grid-length
resolution analyses computed from the 0000 UTC 01 September GFS/AVN analysis for TC Gustav (2008). The TC vortex
filtering algorithm is applied to the kinematic and thermodynamic model state variables (listed in Table 3.1) which are contained
within the solid and dashed line filter regions respectively.

124



Figure D.3: Vertical cross-sections, centered at the 0000 UTC 01 September GFS/AVN analysis position for TC Gustav. The
kinematic and thermodynamic model state variables before (a, c, e, g) and after (b, d, f, h) the application of the TC vortex
filtering algorithm to the 12-, 24-, 48-, and 96-km GFS/AVN analysis. The shading is the wind-speed magnitude (kts) while
the black, gray, red, and green lines are the temperature anomaly, geopotential height anomaly, vortex filter region, and 2-PVU
isosurface respectively. The anomalies are computed using ± 10◦ areal mean (relative to the TC vortex position within the
GFS/AVN analysis TC vortex position) for the respective variable.
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number of passes as a function of increasing (decreasing) grid-length resolution.

Figure D.2 illustrates the 0000 UTC 01 September GFS/AVN analysis before (left) and after

(right) the application of the analysis TC vortex filtering algorithm described in §3.3. The

before and after results are provided respectively for the 12- (a and b), 24- (c and d), 48- (e

and f) and 96-km (g and h) experiments. The shaded vectors are the 10-meter wind speed (in

knots) while the black contours are the sea-level pressure. Finally, the solid and dashed red

contours denote the kinematic and thermodynamic variable filter regions. Similar to the 6-km

grid-length resolution experiments (provided in §3.3), the filtering algorithm is able to locate,

isolate, and filter the analysis TC surface features while suppressing artificial sea-level pressure

gradients (along the defined thermodynamic filter boundary) and vorticity (along the kinematic

filter boundary). Further, for all grid-length resolution experiments, the synoptic-scale flow (i.e.,

beyond the extent of the filtering regions) remains unchanged by the filtering algorithm.

Figure D.3 provides longitudinal cross-sections centered at the 0000 UTC 01 September

GFS/AVN analysis position for TC Gustav (2008) for each experiment. Once again the GFS

analysis before the application of the analysis TC vortex filtering algorithm is provided in the left

panel while the right panel illustrates the GFS/AVN analysis after the application of the filter.

For each figure, the shading is the wind speed magnitude (in knots) while the black contour is the

TC vortex relative temperature anomaly, the gray contour is the TC vortex relative geopotential

height anomaly, and the green contour is the 2-PVU isosurface (dynamic tropopause). Finally,

the red contour indicates the kinematic variable filter region. The before and after results are

illustrated for the 12- (a and b), 24- (c and d), 48- (e and f) and 96-km (g and h) experiments.

Similar to the results (Figure D.2) for the surface variables, discontinuities and gradients are

suppressed during the filtering algorithm despite the varying grid-length resolutions.

The results provided above have demonstrated the grid-length resolution independence (with

respect to tuning) for the analysis TC vortex filtering algorithm. Despite the varying grid-length

resolutions for each experiment, the analysis TC vortex filtering algorithm successfully located,

isolated, and subsequently filtered each 0000 UTC 01 September GFS/AVN analysis for TC

Gustav (2008). Thus, the sole dependence for the algorithm relative to the analysis grid-length

resolution is the number of filter passes (i.e., applications) required to filter respective model

state variables. The number of filter iterations (i.e., passes) required to isolate and remove the

TC vortex attributes from each model state variable can be reduced (or increased) by adjusting

the respective variable convergence values listed in Table 3.1. The aforementioned convergence

values are appropriate for the case study of TC Gustav (2008) but may require tuning based
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upon the desired level of model state variable refinement.
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