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ABSTRACT 

 

 

 

 

A mesoscale budget analysis of absolute angular momentum (AAM) in the hurricane 

eyewall is presented using airborne dual-Doppler wind data from Hurricane Guillermo (1997). 

Multiple consecutive passes were made through the storm, allowing observed and budget-

estimated changes to be directly assessed. Although the budget-estimated tendency is not in 

agreement with the observed tendency, the individual budget terms do show consistency with 

previous numerically based AAM budgets. The accuracy of the Doppler-derived wind field 

impacts the budget analysis; errors associated with the Doppler data are analyzed in depth. 

Aspects of the data processing and Doppler synthesis procedure that most directly impact the 

budget are identified (e.g., interpolation, mass continuity constraint, and sampling strategy). 

In order to more directly compare the Doppler-based budget with numerically based 

results, the Pennsylvania State University-National Center for Atmospheric Research (PSU-

NCAR) fifth generation non-hydrostatic Mesoscale Model (MM5) is used to perform an 

AAM budget analysis of a simulated hurricane. The numerically based budget is used to 

examine the impact of temporal resolution of the data on the budget, and to provide an 

additional context for examining the role of eddies in the Doppler-based budget.  Consistent 

with recent mesoscale numerical budget studies, the eddy terms in the Doppler-based and 

numerically based AAM budgets are important in the eyewall and cannot be neglected. 

Contributions to the eddy flux convergence, and thus local changes in symmetric AAM, 

appear to be related to internal processes like mixing between the eye and eyewall, as well as 

the interaction of eyewall vorticity asymmetry with the environmental flow. 
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INTRODUCTION 

 

 

 

 

 As many coastal residents recall from the 2004 and 2005 Atlantic hurricane seasons, 

tropical cyclones (TCs) can cause tremendous loss of life and extreme property damage. 

Hurricane Katrina (2005) is considered the costliest U.S. landfalling TC, with an estimated cost 

of $81 billion dollars. It ranks third in the number of U.S. deaths caused by a landfalling TC, 

with approximately 1500 deaths in Louisiana and Mississippi (Blake et al. 2007). In order for 

residents of these coastal locations to prepare for a TC strike, emergency managers inform 

citizens of necessary precautions and evacuations based on TC track and intensity forecasts 

issued by the National Hurricane Center (NHC). Although track forecasts have improved over 

the years, intensity forecasting has shown very little improvement (DeMaria et al. 2002; Franklin 

et al. 2005). Scientists are thus striving to improve upon these forecasts through theoretical 

studies, numerical modeling, and observational analyses.  To gain insight into the mechanisms 

responsible for TC intensity change, previous studies have examined angular momentum, 

potential vorticity, kinetic energy and moisture budgets (e.g., Palmen and Riehl 1957; Kurihara 

1975; Riehl and Malkus 1961; Zhang et al. 2001). Analysis of individual terms in a budget 

equation helps elucidate physical mechanisms responsible for observed change. For example, in 

an absolute angular momentum (AAM) budget study of a TC, Molinari and Vollaro (1989) 

found that large-scale eddy AAM fluxes can be correlated with pressure changes in the center of 

the storm that occur approximately one and a half days later. In this thesis an AAM budget 

analysis on the eyewall scale is performed using airborne Doppler radar data to examine the role 

of internal dynamics, specifically eddy processes, in TC structure and intensity change. 

Pfeffer (1958) and Palmén and Riehl (1957) provided the first observation-based AAM 

budget analyses of the TC. Pfeffer (1958) highlighted the importance of the eddy terms in the 

overall budget. His study employed Hughes (1952) and Jordan (1952) TC wind structure data to 

study how cyclonic angular momentum is transferred from the earth into the atmosphere through 

friction. Horizontal eddy processes carried this angular momentum from neighboring high 

pressure cells to the cyclonic core. Subsequently, vertical eddy processes transferred angular 

momentum further inward.  Similar data was used by Palmén and Riehl (1957) to highlight the 

importance of symmetric processes in the budget of AAM. They concluded that within the core, 



 

2 
 

angular momentum is brought inward through the symmetric circulation. The authors showed 

that the relative importance of eddies increased radially outward, and at six degrees from the 

center eddies accounted for up to fifty percent of the angular momentum transferred to the core. 

These eddies outside the core were responsible for transporting AAM inward and upward. In 

addition, angular momentum carried upward was transported by eddies outside of two degrees 

radius.  

Subsequent observation-based studies continued to examine the role of eddy processes in 

the AAM budget of TCs.  In a study based on multiple TCs from the 1950‟s, Riehl (1961) found 

that within 600 km radius from the center in the lower troposphere, eddy contributions to the 

AAM budget were negligible compared to contributions from symmetric transport processes.  In 

a concurrent study using aircraft data, Riehl and Malkus (1961) focused on the inner core of 

Hurricane Daisy; the authors found that the storm did not intensify due to eddy processes within 

the core, as the eddy angular momentum fluxes were directed outward from the center and 

considered of negligible magnitude. Instead, the transport of angular momentum into the storm 

resulted primarily from the symmetric circulation.  Black and Anthes (1971) found that eddy 

processes are important outside of 5˚ of the storm center in the outflow layer, however within 5˚ 

of the storm center the symmetric processes dominate. They suggested that eddies play a larger 

role in more intense storms based on a study of Atlantic and Pacific composite TCs. The study 

identified a cyclonic (anticyclonic) eddy located to the left (right) of the storm motion in the 

outflow layer. Negative relative angular momentum (RAM) was transferred away from the storm 

center by these symmetric and eddy processes. The results of Black and Anthes (1971) were 

confirmed by Holland (1983); he found that eddy processes dominated in the upper level outflow 

region at large radii and symmetric processes were most important at low levels in the inner 

region of the TC. In a more recent observation-based study, Molinari and Vollaro (1989) found 

eddy angular momentum fluxes to be an integral part of the angular momentum budget of mature 

TCs. Outside 800 km from the storm center, eddy fluxes dominated; however, inside of 700 km 

symmetric fluxes dominated. In the transition region, 700-800 km, a combination of symmetric 

and asymmetric processes contributed to the net angular momentum flux.  

 In summary, previous large-scale observationally based angular momentum budget 

studies agree that eddy fluxes are important at large radii in TCs. Generally, these studies found 

that the symmetric processes were dominant within approximately 600 km of the storm center 
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and the eddy fluxes within this radius were often negligible. It should be noted, however, that the 

data used in these studies generally lacked the spatial and temporal resolution to quantify the role 

of eddies on the eyewall scale, and thus could not consider the potential impact of internally-

generated asymmetry on TC structure and intensity change.  

In the absence of observation-based studies of the eyewall-scale AAM budget, mesoscale 

numerical models have been used to examine the inner core region of the TC through budget 

analyses. One of the first studies to perform a numerically based mesoscale angular momentum 

budget was Kurihara and Bender (1982). Using a 5-km horizontal resolution simulation, the 

authors found that eddies in the TC transported angular momentum into the eye while removing 

it from the boundary layer. During a period of steady state intensity, eddy processes, in addition 

to diffusion in the model, acted to cancel the AAM tendency associated with the symmetric 

circulation.  

In a more recent study, Zhang et al. (2001) used a simulation of Hurricane Andrew (1992) 

during intensification with 6-km horizontal resolution to illustrate how net angular momentum 

must be transported into the eyewall for a hurricane to intensify, since some angular momentum 

is dissipated by surface friction. The hurricane inflow was responsible for carrying the AAM 

inward, while the outflow transported AAM upward through intense updrafts. Within the eyewall 

region of the numerically-simulated storm, the advection terms were large, while the sources and 

sinks of AAM were relatively small. In the eye region the sources and sinks of AAM were the 

same order of magnitude as the horizontal and vertical advection terms. The vertical transports 

that played an important role in the eyewall region were weak within the eye. Non-conservation 

of AAM in this latter area resulted from both the pressure torque and diffusive processes.  

Similar to Zhang et al. (2001), Wang (2002b) found through an instantaneous budget 

analysis that angular momentum was brought into the eyewall region by the symmetric inflow, 

with losses through friction and vertical diffusion. Some angular momentum was then 

transported from the eyewall into the eye region by eddies associated with vortex Rossby waves 

(Montgomery and Kallenbach 1997). At upper levels, eddies transported angular momentum 

upward and outward, thus reducing angular momentum there. The results in Wang‟s (2002b) 

paper would appear to contradict some of the previous large-scale budget studies that concluded 

only symmetric angular momentum fluxes were important within the inner core region.  Those 
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studies, however, were not mesoscale-resolving and could not assess the short-term intensity 

changes represented in the numerical simulations. 

The same numerical model with 5-km resolution used by Wang (2002b) was also employed 

by Yang et al. (2007) to perform a RAM budget in the TC core temporally averaged over a 120-

hour steady-state period. In agreement with the shorter-term numerical budget studies, eddies 

transported angular momentum inward from the eyewall to the eye.  They argued that the eddy 

transports associated with potential vorticity (PV) mixing in the eyewall region directly 

contributed to a reduction in the eyewall tilt. The vertical alignment of the eyewall led to a 

decrease in mesoscale downdrafts beneath the eyewall, a reduction in the drying of the subcloud 

layer, a decrease in the air-sea temperature difference and a subsequent reduction in TC potential 

intensity.  The multi-day numerically based budget analysis performed by Yang et al. (2007) 

directly addresses the long-term role of eddies in the inner-core of the TC, and supports a view of 

eddy transports somewhat at odds with many of the prior observation-based AAM studies.  That 

is, eddy fluxes within the eyewall region appear to play a non-negligible role in the long-term 

intensity evolution of the TC.  

In a recent paper by Reasor et al. (2008; hereafter REG08) the first Doppler-based AAM 

budget of the hurricane eyewall region was presented, bridging a gap between large-scale 

observation-based AAM studies and numerically based eyewall-scale budget studies.  This thesis 

greatly extends the analysis of REG08. The goal here is to clearly document limitations of the 

Doppler data in terms of its ability to yield an accurate AAM budget analysis, and to then 

examine, within these limitations, the contribution of symmetric and eddy processes to changes 

in AAM structure within the eyewall region. Airborne Doppler-derived winds from Hurricane 

Guillermo (1997) over a two-day period are used to perform an AAM budget analysis within 60 

km of the storm center. As a result of several consecutive passes made by the aircraft on each 

day, this dataset not only allows the budget terms to be computed, but also the observed AAM 

tendency over the observation period. The accuracy of the budget results is discussed, including 

discrepancies between observed and budget-calculated tendencies. A high-resolution numerical 

simulation of a hurricane is used to further address issues pertaining to the accuracy and 

interpretation of the observation-based budget. In Chapter 1 the quality of the airborne dual-

Doppler data used in this study is presented. A storm overview, including a discussion of the 

symmetric and asymmetric components of the wind field, is provided in Chapter 2. In Chapter 3, 
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the Doppler-based AAM budget results are presented. Numerical simulations are used in Chapter 

4 to further substantiate the results of the observational study. A discussion of these results and 

conclusions will be presented in the final chapter.  
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CHAPTER 1 

 

DATA AND METHODOLOGY 

 

 

 

 

1.1 Airborne Radar Data 

 

 

The data used in this study were obtained during research flights into Hurricane Guillermo 

(1997) from 1830 UTC 2 August to 0030 UTC 3 August and from 1900 UTC 3 August to 0030 

UTC 4 August. Two National Oceanic and Atmospheric Administration (NOAA) WP-3D 

aircraft (N42RF and N43RF) each equipped with a tail mounted 3-cm wavelength Doppler radar 

(Jorgensen 1984) simultaneously sampled reflectivity and Doppler radial wind, as well as in-situ 

wind and thermodynamic information. On 2 August and 3 August N42RF made 10 passes 

through the center of Guillermo at 700 hPa (approximately 3 km altitude), while N43RF made 6 

(5) passes on 2 August (3 August) at 500 hPa (approximately 6 km altitude). The average length 

of the flight passes on 3 August was 19 minutes, compared to 18 minutes on 2 August. The 

average time between the center of consecutive passes was 34 minutes.  

N43RF employed the fore-aft scanning technique (FAST) when in the inner core, while 

N42RF used track-normal scanning during this time (see Table 1.1). When N43RF was 

investigating the storm further from the core, N42RF switched to FAST. In the FAST scanning 

strategy, the radar beam scans no more than 25˚ fore or aft from the vertical direction (Gamache 

et al. 1995). During an approximately 6 second period, the radar rotates through 360˚ at this tilt 

angle, performing a conical scan.  The radar antenna then switches between the fore and aft 

directions, repeating the conical scan in the opposite direction. Because this scanning technique 

allows for two measurements of velocity at each location (Fig. 1.1), three-dimensional Doppler 

winds can be calculated. During approximately half the observation period, N42RF performed 

simultaneous track-normal scanning, where the tail radar beam scanned 360˚ perpendicular to the 

flight track (Fig. 1.2). Similar to the FAST scanning technique, one revolution is completed 

every 6 seconds. This track-normal scanning data can be used with the FAST data to expand the 

region covered by dual-Doppler measurements. The track normal scanning data cannot be used 
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alone in this case, as it is necessary to have at least two velocity values at a point to compute the 

three-dimensional wind.  

  
 

1.2 Methodology 

 
 
In order to obtain three-dimensional analyses from the tail radar reflectivity and radial 

velocity measurements, the data were processed through a joint manual and automatic editing 

procedure, similar to that presented in REG08. The first step in editing the raw airborne dual-

Doppler reflectivity and velocity data was to apply navigation corrections (Table 1.2) obtained 

from the Hurricane Research Division (e.g., Bosart et al. 2002). In this case, corrections were 

made for range delay, rotation angle and tilt errors associated with the antenna. Subsequently, a 

quality control was performed in which data were manually edited to remove erroneous features 

including sea surface contamination, noise from antenna side lobes and second trip echoes. The 

final step in the manual editing process was to de-alias the velocity data. Since the tail radar is 

limited to measuring wind speeds ±12-13 ms-1, larger wind speed values are aliased. To de-alias 

the velocity data, an automatic de-aliasing scheme (Bargen and Brown 1980) was applied. Any 

remaining aliased rays, or range gate segments, were then de-aliased manually.  

Using a Gaussian-weighted interpolation with e-folding distance of 2 km, the edited 

reflectivity and velocity data were mapped from Doppler radar coordinates having along track 

and along beam grid spacing of 2 km and approximately 150 m, respectively, to a Cartesian grid 

with uniform 2 km horizontal and 1 km vertical grid spacing. This Cartesian analysis was 

confined to a 120 km by 120 km domain with 20 vertical levels. A synthesis program was used 

to calculate the three-dimensional wind field using a variational technique that simultaneously 

solves the anelastic mass continuity and radar projection equations (Gamache 1997; REG08). 

This technique assumes zero vertical velocity at the surface, at 1 km above echo top, and at the 

top of the domain.   

Following REG08 and Reasor et al. (2000), storm motion (Table 1.3) was subtracted from 

the Doppler-derived wind field to obtain storm-relative winds. A center-finding algorithm was 

used to reposition the analysis to the storm center. The algorithm defines the center at each 

height as the location that maximizes the tangential winds within a 16 km wide annulus centered 

on an initial-guess radius of maximum tangential wind (RMW). Each analysis was centered on 



 

8 
 

the depth-averaged (1-10 km) center location, and then converted to cylindrical coordinates. In 

addition, an azimuthal Fourier decomposition was performed on the three-dimensional wind field 

components to allow low-wavenumber azimuthal asymmetries to be examined for this study.  

The process of deriving a three-dimensional reflectivity and wind field from raw tail Doppler 

radar data contains inherent errors (e.g., Morrow 2008). The interpolation from Doppler radar 

coordinates to a Cartesian grid introduces significant error; according to Gamache (1997), in an 

idealized setting the magnitude of the interpolation error is generally greater than that associated 

with the variational synthesis technique. Another source of error is the time lag between FAST 

radar observations near a point. The magnitude of this error will depend upon how rapidly the 

wind field evolves between measurements, and increases with increasing distance from the 

aircraft. For the domain size in this study, the maximum time lag is 6 minutes between FAST 

observations. In addition to interpolation and time lag errors, voids in data can also adversely 

impact the wind retrieval process.  For example, data is removed because of contamination from 

sea surface clutter and this typically makes the lowest 0.5 km of data unusable in the analysis.  

Large gaps in the eye where scatterers are scarce, and in highly attenuated regions, can degrade 

the accuracy of the azimuthal Fourier decomposition of the wind field. These gaps in the wind 

field are “filled” during the synthesis to produce a complete wind field. To minimize the impact 

of data gaps on our analysis, results from the Fourier decomposition are only plotted at radius-

height locations where reflectivity observations exist at 60% or more of the azimuthal points.  

Finally, inadequate filling of the radar pulse volume can also introduce error in the wind 

estimates, and thus the subsequent analysis.  

 

 

1.3 Data Quality 

 

 

Comparisons between flight level (700 hPa and 500 hPa) measurements and dual-Doppler 

wind estimates were performed to evaluate the quality of the data used in the budget studies. The 

Doppler data were linearly interpolated in the vertical and bi-linearly interpolated in the 

horizontal to the flight level data points. The one-second flight level observations were smoothed 

to an effective 2-km horizontal resolution using a Bartlett filter in order to facilitate comparison 

with the Doppler observations. Statistical results of Doppler and flight level data comparisons for 
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tangential, radial and vertical velocity were performed for root mean square error (RMS), bias, 

and correlation. In the statistical calculations, the data includes all passes except for the outbound 

leg on pass 6 (2 August) and inbound leg on pass 10 (3 August) due to the short observation time 

of these passes and lack of coverage on the specified legs. Although only the inbound portion of 

pass 10 (3 August) was removed from the statistical analysis, the entire pass was removed from 

the radar analyses. 

Root mean square error was calculated using the following equation: 

 

=  1  ( � − )2         (1) 

 

where n is the number of observations, �  is  flight level observation value at a single point, 

and  is the corresponding Doppler observation value. Gamache et al. (1995) calculated RMS 

errors for wind components along the flight track and normal to (across) the flight track. They 

found radial RMS differences to be the smallest for the along track and across track wind 

components for the FAST scanning aircraft, 2.0 ms-1 and 1.5 ms-1, respectively, while the same 

calculation yielded larger RMS errors for two track normal scanning aircraft, 4.5 ms-1 and 2.1 

ms-1, respectively. In a more recent study, REG08 used combined analyses of FAST and track 

normal scanning aircraft to calculate RMS errors for tangential, radial and vertical velocity and 

found results similar to that obtain by Gamache et al. (1995) for along track and across track 

RMS errors. REG08 determined RMS errors to be 3.38 ms-1, 3.23 ms-1 and 1.50 ms-1 for 

tangential, radial and vertical winds, respectively. Root mean square errors impact radial and 

vertical velocity more than tangential velocity. For instance, given a 60 ms-1 tangential wind, the 

RMS error found in REG08 is only 6 percent of the total tangential wind. However, for a radial 

wind value of 5 ms-1, the RMS error is over 60 percent of the total radial wind.  

 Bias calculations were based on the equation, 

 � =  
1  ( − � ).            (2) 

 

Marks et al. (1992) calculated a mean bias for two track normal scanning aircraft flying at 

different altitudes. They found a bias of 3.6 ms-1 and 0.5 ms-1 for the zonal and meridional wind 
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components, respectively, for the lower level aircraft (3 km) while the upper level aircraft (6 km) 

had biases of 2.5-3.5 ms-1 for horizontal wind components. Mean differences determined by 

Gamache et al. (1995) highlighted similar results. The authors found larger mean differences for 

the along track wind component (2.3 ms-1) in the two track normal scanning aircraft as compared 

to the along track wind component measured by the FAST scanning aircraft (1.4 ms-1). In 

regards to the across track mean difference, the values between the two track normal scanning 

aircraft and the FAST scanning aircraft were equivalent (0.8 ms-1). REG08 examined the bias for 

the cylindrical wind components and found bias errors of 1.21 ms-1, -0.07 ms-1, and 0.31 ms-1 for 

tangential, radial and vertical velocity, respectively, in a combined analysis of track normal and 

FAST scanning aircraft. Although bias calculations indicate overestimates and underestimates, 

this statistical parameter is sensitive to small changes in the Doppler-derived wind fields.  

 The final statistical calculation performed was correlation, determined by the equation 

 � � =  
  � −  �  ( −  )  ( � −  � )2  ( −  )2

     (3) 

 

where  �  and   are the flight and Doppler observation means, respectively. Marks et al. 

(1992) found a better correlation for the lower level aircraft (0.98) than that of the upper level 

aircraft (0.94) for the horizontal wind components. REG08 also computed higher correlation 

values for the lower level aircraft for all three velocity components. 

 REG08 also performed statistical comparisons based on eye and eyewall regions. The 

authors found that correlation values were higher for tangential, radial and vertical velocity for 

eyewall cases than eye region cases. Although RMS error decreased significantly for tangential 

winds from the eye to eyewall regions, this was not the case for the radial and vertical velocity as 

their values increased slightly. In this current study, the eye is defined as the region within the 

RMW where reflectivity values are less than or equal to 0 dBZ. Data within this region have 

been excluded from the statistical analysis because in most cases the analyzed winds there result 

from a linear interpolation across the scatter-free eye. This linear interpolation does not follow 

the typical u-shaped wind profile (Kossin and Eastin 2001) found in the eye region of mature 

hurricanes. Outside the eye region, most gaps in wind data were “filled” either through the 

Gaussian weighting method of interpolating from Doppler radar points to regular Cartesian 
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points or through the synthesis procedure. It should be noted, however, that no Doppler data 

more than 4 km (2 km) horizontally (vertically) from a given Cartesian point were included in 

the Gaussian weighting of data. In order to assess the suitability of the Doppler wind analyses for 

use in budgets studies and other diagnostic calculations, it is first necessary to examine the 

quality of the Doppler-derived wind field for both days of observation in Hurricane Guillermo.  

The analysis here extends the statistical discussion of the 2 August observations presented by 

REG08. 

  

1.3.1 Statistical Overview 

 The statistical calculations were performed on the three cylindrical wind components for 

both days of observation. Table 1.4 shows the results for all points, points at 3 km height, and 

points at 6 km height.  As previously noted, the eye region has been excluded from the statistical 

analysis. The values for 2 August can be compared to those calculated by REG08 using a similar 

subset of the observations but a different method (“all” in our Table 1.4 and “eyewall” in Table 2 

of REG08). The largest difference between root mean square errors exists in the radial velocity 

comparison, with a difference of 0.12 ms-1. Correlation values of radial velocity are the same for 

both datasets. Tangential velocity correlation values are higher in the current study, 0.98, than in 

REG08, 0.94. The vertical velocity correlation value was higher in the previous study by 0.03. 

The bias values for all three wind components were all within 0.25 ms-1 between the current 

study and REG08, although there is a sign difference in the radial wind bias. These differences in 

values between REG08 and this study result from differences in the methodology for comparing 

flight level and Doppler data (e.g., REG08 used a Gaussian weighting to interpolate flight level 

data to Doppler data points at 3 and 6 km height), definition of the eyewall region, and data 

included in the comparison (e.g., the outbound leg of pass 6 was not included in this study). 

Although these differences exist, there is overall agreement between the statistics in REG08 and 

this study for 2 August.   

 A comparison of the statistical values between the two days of observation (2 and 3 

August) reveals a basic consistency for most statistical measures. For all points considered in the 

comparison, the largest difference between RMS errors was seen for tangential velocity, with 

values of 2.47 ms-1 and 1.87 ms-1 on 2 and 3 August, respectively. Although tangential velocity 

RMS errors were larger than both the radial and vertical velocity RMS errors, normalizing the 
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errors by the flight level mean of the respective variable showed that the tangential velocity RMS 

errors were smallest in magnitude (Fig. 1.3). Correlation values in all three wind components for 

the two days were similar with the largest value, 0.98, on both days for tangential velocity. Bias 

errors were comparable and were positive for all three wind measurements, except for vertical 

velocity on 3 August, which was negative. The tangential wind was the best represented wind 

component for both days. Only 10 passes were made through Hurricane Guillermo on 2 and 3 

August. This sample size is relatively small and, as a result, some of the variability in statistics 

may be rooted in differences in the storm structure. Different editing techniques used for 2 and 3 

August may also play a role in statistical differences. Some of these differences may also lie 

within the Doppler radar measuring system itself. Overall, however, good agreement exists 

between the RMS, correlation and bias errors on the two days.  

 The statistical analysis can be divided further into analyses from upper level (6 km) and 

lower level (3 km) aircraft. Overall, the root mean square error and correlation were better for the 

three wind components at 3 km height than at 6 km height on 2 and 3 August. The exceptions to 

this were the vertical velocity correlation on both days and the radial velocity RMS error on 3 

August. On 2 August, mean bias was worse at lower levels for tangential and vertical velocity 

but was improved for radial velocity; this was reversed on 3 August. Similar to the “all data 

points” comparison, at 3 km height the largest RMS error difference between the two days was 

for tangential velocity with a value of 2.46 ms-1 (1.75 ms-1) on 2 (3) August. At 6 km height, the 

largest RMS difference between the two days was for radial velocity, with a value of 0.83 ms-1. 

The tangential wind had the best correlation values for both 3 km and 6 km height on both days. 

Overall, the statistical values between 2 and 3 August for the three wind components at all points 

and the two different flight levels were comparable in value. 

 

1.3.2 Stratification of Observations 

 A further stratification of the statistical results on 3 August was made to elucidate the 

sources of error. With dual aircraft making in situ measurements at distinct altitudes, five 

additional stratifications of comparisons can be formed (Table 1.5). For the ease of 

understanding which Doppler and flight level comparisons are being made, these comparisons 

will be referred to as “flight level data: Doppler analysis data.” The first two stratifications 

involve comparisons between Doppler analyses derived solely from FAST (Fig. 1.1) to the flight 
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level data obtained from the FAST-scanning aircraft (LL: LL FAST, UL: UL FAST). These 

cases were expected to have the best statistical values overall; this was true for the lower level 

FAST scanning aircraft. The horizontal winds have the highest correlation values (0.96-0.99) and 

lowest RMS errors (1.61-2.17 ms-1) at 3 km height of all stratifications. Errors from this 

comparison are not affected by time lag issues since the dual-Doppler measurements near the 

aircraft are made almost simultaneously.  Additionally, the flight-level measurements are made 

almost simultaneously with the nearby dual-Doppler measurements.   

 For five of the passes a lower level aircraft performed track normal scanning concurrent 

with the upper level FAST scanning aircraft (Fig. 1.2). A comparison of this stratification (UL: 

UL FAST / LL TN) with stratification UL: UL FAST allows a direct assessment of the impact of 

adding a track normal radar look on the overall error statistics.  The tangential wind statistics 

were improved by the addition of the second aircraft, with correlation values increasing from 

0.92 to 0.95 and RMS errors decreasing from 2.68 ms-1 to 2.14 ms-1. The radial wind statistics, 

however, were degraded; correlation values decreased from 0.88 to 0.73, and RMS errors 

increased from 2.81 ms-1 to 3.01 ms-1. The effect on vertical velocity was not as clear, as both the 

correlation and RMS values increased in magnitude with the addition of the track normal 

scanning. Analysis of the individual passes revealed a split as to whether the additional radar 

look improved or degraded the statistics.  For this comparison, it can be seen that one pass can 

greatly impact the overall results.  The radial wind in pass 9 was not representative of the other 

passes. In this case, the RMS value was over 1 ms-1 greater than that of the other passes, and the 

correlation was about half the value of the other passes. Thus, this pass appeared to have 

degraded the radial wind statistics for this stratification, and was likely responsible for the 

apparent overall negative impact of the second radar look on the radial wind statistics. The time 

lag between the FAST and track normal measurements was one contributor to the errors in the 

radial and vertical velocity. Since the tangential velocity statistics improved with the addition of 

a second aircraft, this variable may not be as sensitive to time lag issues. As shown in Fig. 1.2, 

the greatest time lag occurs at large radial distances. The time lag near the center of the analysis 

domain is minimized due to the fact that the aircraft are located near each other and are making 

observations within a shorter period of time. Additional errors are caused by decreased spatial 

resolution and inadequate beam filling at long range. As the beam extends further from the 

aircraft, the pulse volume becomes larger, decreasing the spatial resolution of the winds.  Also at 
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long range, the pulse volume is less likely to be completely filled with scatterers, degrading the 

velocity measurement statistics.  In this comparison, the beam filling error is associated with the 

lower level track-normal scanning aircraft as data from this aircraft are located further from the 

flight track.    

 The quality of the Doppler data can also be assessed at a location further from the aircraft 

(LL: UL FAST). In this case, the flight level data from the lower-level track normal scanning 

aircraft is compared to a Doppler analysis derived solely from the upper level FAST scanning 

aircraft (Fig. 1.4). Since the Doppler data along the lower-level flight track in this case has no 

connection to the aircraft collecting the in situ data, it is expected that the comparison should 

exhibit the worst statistics. Part of the error, however, may be artificial and unrelated to actual 

errors in the Doppler analysis; non-simultaneity of Doppler and flight-level measurements in this 

comparison can contribute to disagreement between the two data sets.  In comparison with the 

statistical results for “all” the data presented in 1.3.1, the correlation values and RMS errors in 

the LL:UL FAST comparison were degraded. Compared to the LL:LL FAST statistical analysis 

for different passes where the comparison between the flight level and Doppler data was near-

simultaneous, the data in LL:UL FAST was degraded in tangential and radial velocity, while 

RMS values for vertical velocity were comparable. The differences between horizontal and 

vertical wind comparisons may be attributed to the potentially greater impact that the anelastic 

mass continuity constraint has on the vertical velocity errors compared, for example, to time lag 

errors which may be more important for the horizontal wind components. A time lag exists 

between the fore and aft measurements, and is largest at larger radii from the storm center.  

 The final comparison adds the track normal data to this previous comparison (Fig. 1.5). 

Lower level flight data are compared to the upper level FAST and lower level track normal 

Doppler analysis (LL: UL FAST / LL TN). With the addition of the near-aircraft Doppler 

observations, a measurement closer to the time of the flight level measurement was added. Both 

horizontal wind components showed improved correlation and RMS error compared to LL: UL 

FAST. The tangential velocity exhibited the greatest decrease in RMS error because the track 

normal aircraft directly measured the tangential wind. The vertical velocity correlation increased, 

yet the RMS error also increased. As previously noted, the different impacts on horizontal and 

vertical wind components may indicate that the vertical velocity error is more strongly tied to the 

mass continuity constraint than time lag and scanning strategy issues.  
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FAST scanning aircraft capture the three-dimensional wind well near the aircraft track. 

Further from the flight track, time lag, beam geometry, and beam filling issues impact the 

analysis. With the addition of a track normal scanning aircraft, the impact of these errors can be 

minimized. Although the addition of a second aircraft degrades some of the wind field variables, 

the addition of the track normal scanning aircraft improves the overall Doppler analysis. In the 

radar analyses used in this study, two aircraft will be used when available with the lower level 

aircraft performing track normal scanning and the upper level aircraft performing FAST 

scanning. When only one aircraft is available the FAST scanning technique is used and the 

aircraft was located at low levels. Pass to pass differences in data quality may therefore occur 

when transitioning from a one aircraft to two aircraft analysis. One aircraft analyses face a 

greater impact of errors from attenuation, data gaps and time lag. The scanning techniques 

employed in this study are listed in Table 1.1. 

 

1.3.3. Structural Comparison 

 Although the previous section showed good overall agreement between Doppler and 

flight level measurements of the three-dimensional wind field, it is also important to assess how 

well the radial structure of the wind field is resolved. To do this, flight level and Doppler 

structure comparisons using the flight-level data from the FAST aircraft were plotted for 

tangential, radial and vertical velocity for each pass. The data extends 60 km on either side of the 

storm center. A more detailed discussion of the structural comparison, showing overall good 

agreement of structural comparison for a multi-case storm study is shown in Morrow (2008).  

 Previously discussed beam filling and time lag errors are not relevant to comparisons 

made between FAST analyses and flight level data from the same aircraft, since Doppler 

measurements (and the corresponding flight-level measurements) are taken almost 

simultaneously near the flight track. Thus, other sources of error must exist to account for 

discrepancies. In addition to inherent measurement system errors, errors introduced during the 

interpolation of data from radar coordinates to Cartesian coordinates are also expected to 

contribute to discrepancies in point-by-point comparisons of radial structure. Data gaps in the 

Doppler data set can result in differences between the flight level and Doppler statistical 

analysis. Errors are also introduced through the method in which the flight level data is compared 

to the Doppler analysis. Since the two data sets are not at the same location, a linear interpolation 
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in the vertical was performed on the Doppler data to obtain values at flight level. If the Doppler 

data varied non-linearly, this would not be captured by the linear interpolation.  

 The structural comparison for pass 1 on 3 August from the upper level FAST scanning 

radar shows a large discrepancy in the tangential and radial velocity fields near 30 km on the 

inbound leg (Fig. 1.6 a, b). As the aircraft at this time was flying at 5.65 km, the 5 km and 6 km 

analyses were used to compute the Doppler comparison at this altitude. Since the data at 5.65 km 

was obtained using linear interpolation, the data at 6 km had greater influence on the Doppler-

derived comparison than the data at 5 km. Below 5 km radial velocity values were 9-11 ms-1 and 

this velocity remained constant through 5 km height. At 6 km, however, values were 1-3 ms-1. 

Above 6 km, these values changed more rapidly and in fact became negative at 7 km height. Up 

to 7 km, the radial velocity did not change linearly with height, although the comparison values 

were computed using a linear interpolation. Had a non-linear interpolation, such as a Gaussian 

weighting, been used, the Doppler radial velocity values in the Doppler/flight comparison would 

have been larger and thus closer to the flight level data value.  A similar scenario occurred for 

the tangential velocity. At 4 and 5 km height, the tangential wind values were generally 59-63 

ms-1; the values decreased to 54-58 ms-1 at 6 km and 49-53 ms-1 at 7 km.  Such a vertical profile 

is not linear, but a linear profile was used to estimate the tangential values for comparison with 

the flight level data between 5 and 6 km. As with the radial velocity comparison, had a non-

linear calculation been used to calculate the Doppler data between 5 and 6 km, the tangential 

velocity would have been greater and would have agreed better with the flight level data. Thus, 

perceived errors in this case may lie with the comparison method, and not the Doppler data itself. 

 Data gaps also have the potential to contribute to locally large discrepancies in structure 

between Doppler-derived and in situ wind estimates. The unfilled analysis for pass 1 using only 

the upper level FAST scanning radar shows no gaps along the flight track other than within the 

eye, where there are few scatterers at 6 km and thus no wind data. Since eye data is removed 

from the comparison due to the large errors arising from linear interpolation, data gaps in this 

area would not affect the comparison. For this pass and most others, data gaps were not an issue. 

One exception was observed within a portion of the outbound leg of pass 9 where an especially 

poor quality radial velocity comparison is documented in case LL: UL FAST (Fig. 1.7).  On the 

outbound leg outside of 25 km there was no wind data and thus the tangential, radial and vertical 

velocity fields were filled (Fig. 1.8).  Although the “filling” of the tangential and vertical velocity 
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data blended well, this was not the case with the radial velocity. This data is improved by the 

addition of the Doppler data from the second aircraft. This data gap on the outbound leg occurred 

because two radar measurements were not available. With the addition of the second aircraft, 

there were two radar measurements, allowing the three-dimensional winds to be calculated in 

this region. These errors seen in pass 9 are not typical of the other passes, and the data gap issue 

only affects the outbound leg of pass 9.   

Vertical velocity faces additional errors that may not affect the horizontal wind 

components as strongly. Use of the variational scheme with anelastic mass continuity constraint 

to calculate vertical velocity will introduce error into the vertical velocity estimate. The flight 

level data for the outbound leg on pass 1 (3 August) for the FAST scanning upper level aircraft 

shows a peak in vertical velocity at 25 km radius of 13 ms-1. The Doppler-derived vertical 

velocity depicts the same peak with a magnitude of 5 ms-1 (Fig. 1.6c). While the linear 

interpolation of Doppler data between 5 and 6 km may play a role in this difference, such 

interpolation errors are likely not enough to account for an 8 ms-1 difference.  

The removal of hydrometeor fallspeed from the Doppler radial velocity directly impacts 

the retrieved vertical velocity values and can result in an overestimate or underestimate of this 

field. The structural comparisons of vertical velocity showed a positive bias for inbound legs and 

a negative bias for outbound legs for most passes (e.g., Fig. 1.6c), except those making a 

comparison between flight level data and Doppler data from two different aircraft (LL: UL 

FAST). The RMS error data demonstrated similar biases for the majority of passes when broken 

down into inbound and outbound legs. The cause of this bias is presently unknown.  

 Using an inaccurate fallspeed-reflectivity relationship will introduce errors into the 

vertical velocity field. Fallspeed for rain is given by the following empirical formula (Joss and 

Waldvogel 1970),  � = 2.6 0.107                     (4) 

 

where 

 

= 10 /10         (5) 
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and dBZ is reflectivity measured by the radar. The fallspeed is subtracted from the measured 

vertical velocity (VR) to obtain the true vertical velocity (w) such that, 

 

= −(� − � ).      (6) 

 

Z in (5) will always be positive, and thus fallspeed, � , will always be positive. If VR < VT, then 

an overestimation (underestimation) of fallspeed will result in an overestimation 

(underestimation) of vertical velocity; the reverse is true for VR > VT. For example, if the 

measured vertical motion is 3 ms-1 and the true fallspeed is 7 ms-1, then the vertical velocity is 4 

ms-1. However, if the fallspeed was overestimated with a value of 10 ms-1, vertical velocity will 

be overestimated in the analysis with a value of 7 ms-1.  

 One final error that affects vertical velocity is attenuation, which directly impacts fall 

speed removal. As the aircraft flies through areas of strong reflectivity in the TC, the beam is 

attenuated, resulting in an underestimation of reflectivity.   Figure 1.9 shows the 3 km reflectivity 

observed at 1945 UTC on 3 August as observed from one aircraft (UL). A reflectivity image at 

the same height using data from two aircraft (Fig. 1.10) shows an increase in reflectivity in the 

regions in which attenuation was an issue with one aircraft, although attenuation issues still do 

exist in quadrants between the aircraft tracks. Attenuation is not an issue that affects the direct 

comparison of FAST Doppler data with in situ data from that aircraft, but instead contributes to 

errors in the independent comparison of the upper level Doppler analysis to the lower level 

aircraft (LL: UL FAST). As discussed, attenuation causes the measured reflectivity value to be 

underestimated compared to the true reflectivity value, and thus the calculated fallspeed will be 

less than the true fallspeed. A parameter, ɛ, can be defined as the difference between true and 

measured fallspeed, which in attenuated regions will always be positive. Thus, in attenuated 

regions an equation for vertical velocity can be defined as,  

 

= −(� −  � −  ) .              (7) 

 

This equation can be further expanded into,  

 

= − � − �  −                     (8) 
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showing that attenuation will always result in a decrease in the value of radar-derived vertical 

velocity. For example, if the true reflectivity was 40 dBZ but a reflectivity value of 20 dBz was 

measured, based on (4) and (5), the fallspeed would be 6.97 ms-1 and 4.26 ms-1, respectively. 

This results in an underestimate of vertical velocity by 2.71 ms-1.  

 

 

 

Table 1.1 List of airborne Doppler passes through Hurricane Guillermo on 3 August. A similar 
table can be found in REG08 for 2 August.  

 

Pass Date Composite Time 

(UTC) 

Aircraft Scanning 

Strategy 

Inbound 

Location 

1 3 August 1901-1921 N42RF/N43RF Normal/FAST E/N 

2 3 August 1937-1957 N42RF/N43RF Normal/FAST S/E 

3 3 August 2008-2027 N42RF Normal NNW 

4 3 August 2045-2104 N42RF Normal NE 

5 3 August 2117-2135 N42RF/N43RF Normal/FAST SE/SW 

6 3 August 2154-2213 N42RF/N43RF Normal/FAST SW/NW 

7 3 August 2221-2241 N42RF Normal NNE 

8 3 August 2258-2316 N42RF Normal ESE 

9 3-4 August 2337-0000 N42RF/N43RF Normal/FAST SW/SE 

10 4 August 0020-0034 N42RF FAST WNW 

 

 

Table 1.2 Corrections made to the Doppler radar data for 2 and 3 August.  

 

Aircraft Range Delay  

Correction (m) 

Rotation Angle 

Correction (˚) 

Tilt Correction 

N42RF 175 0.325 0.45 

N43RF 179 0.2 -0.7 
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Table 1.3 Average storm motion (ms-1) of Hurricane Guillermo on 2 and 3 August. 

 

Date U-Motion Average V-Motion Average 

2 August -4.5 0.7 

3 August -5.5 0.5 

 

 

Table 1.4 Statistical results for the three wind components for “all” points, 3 km points and 6 km 
points for 2 August and 3 August (denoted in the parentheses). Eye data points are excluded. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Wind Component Statistic All 3 km 6 km 

VT Bias (ms-1) 0.55 (0.09) 0.58 (-0.01) 0.48 (0.32) 

 RMSE (ms-1) 2.47 (1.87) 2.46 (1.75) 2.48 (2.14) 

 Correlation 0.98 (0.98) 0.98 (0.98) 0.94 (0.95) 

VR Bias (ms-1) 0.03 (0.09) 0.17 (-0.86) -0.33 (0.75) 

 RMSE (ms-1) 3.21 (3.20) 2.90 (3.28) 3.84 (3.01) 

 Correlation 0.84 (0.83) 0.86 (0.85) 0.79 (0.73) 

W Bias (ms-1) 0.41 (-0.20) 0.58 (0.02) 0.01 (-0.70) 

 RMSE (ms-1) 1.53 (1.84) 1.50 (1.61) 1.60 (2.29) 

 Correlation 0.58 (0.53) 0.58 (0.45) 0.62 (0.62) 

Number of Observations 10799 (10187) 7622 (7127) 3177 (3060) 
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Table 1.5 Statistical results for all five flight level data and Doppler radar data comparisons for 3 August.  

Flight Level Data LL UL 

Doppler Analysis LL FAST UL FAST UL FAST/LL TN UL FAST UL FAST/LL TN 

Wind Component Statistic   

VT Bias (ms-1) -0.09  -0.88 0.06 -0.32 0.32 

 RMSE (ms-1) 1.61 3.09 1.87 2.68 2.14 

 Correlation 0.99 0.95 0.98 0.92 0.95 

VR Bias (ms-1) 1.19 -2.68 -2.83 0.79 0.75 

 RMSE (ms-1) 2.17 4.24 4.07 2.81 3.01 

 Correlation 0.96 0.80 0.84 0.88 0.73 

W Bias (ms-1) -0.13 0.16 0.17 -0.65 -0.70 

 RMSE (ms-1) 1.62 1.56 1.60 2.25 2.29 

 Correlation 0.31 0.47 0.56 0.59 0.62 

Number of Observations 3490 3441 3637 3030 3060 
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Figure 1.1 Schematic of the FAST scanning strategy indicated by black lines. Solid black arrow 
shows the direction of the aircraft. Green dots along the FAST aircraft flight track signify flight 
level observations. Grey shading depicts the data coverage of the three-dimensional wind data.  
 

 
Figure 1.2 FAST and track normal scanning strategy. FAST scanning is indicated by black lines. 
Blue lines show track normal scanning. Arrows indicate the direction of the FAST and track 
normal scanning aircraft. Green dots on the FAST flight track signify flight level observations. 
Red circles show the area along the flight track with the greatest time lag between FAST and 
track normal observations. Grey shading depicts the data coverage of the three-dimensional wind 
data. 
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Figure 1.3 Normalized root mean square error for tangential, radial and vertical velocity for both 
2 and 3 August. The RMS error is normalized by the flight level mean of each wind component 
for each day.  
 

 
 
Figure 1.4 Same as Figure 1.1 except flight level data is obtained from the track normal 
scanning aircraft, denoted by the blue line. Flight level data is signified by brown dots.  
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Figure 1.5 Same as Figure 1.2 except flight level data is obtained by the track normal scanning 
aircraft. Flight level data is denoted by the brown dots.  
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Figure 1.6 Airborne radar Doppler data (dashed) and flight level data (solid) are shown for Pass 
1 (3 August) from the UL: UL FAST comparison for (a) tangential velocity, (b) radial velocity, 
and (c) vertical velocity. Reflectivity (long dashed) is plotted with the tangential velocity. Units 
are ms-1 for velocity and dBZ for reflectivity.  
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Figure 1.7 Radial structure comparisons of radial velocity (ms-1) between Doppler radar (dotted) 
and flight level (solid) data for pass 9 on 3 August for the flight level data from the lower level 
track normal scanning plane. (a) LL: UL FAST (b) LL: UL FAST and LL TN. Units are ms-1.  
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Figure 1.8 Radial velocity (ms-1) for pass 9 (UL aircraft) at 3 km for an (a) unfilled and (b) filled 
analysis.  
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Figure 1.9 Doppler-derived reflectivity (dBZ) at 3 km height from the upper level aircraft. Flight 
track (purple line) and attenuation errors (yellow dashed line) are denoted. The red ellipses 
indicate the largest time lag between fore and aft scanning measurements.  
 
 

 
Figure 1.10 Same as Fig. 1.9 except for a two plane radar analysis. The dashed purple line 
denotes the second aircraft. Dashed red lines show the greatest time lag between the two aircraft. 
Maximum time lag (in minutes) is indicated.  
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CHAPTER 2 

 

STORM OVERVIEW 

 

 

 

 

 According to NHC‟s Preliminary Report (Mayfield 1997) on Hurricane Guillermo 

(1997), the storm formed from a tropical wave that can be traced back to the West African coast. 

This wave crossed Central America on 27 July and the disturbance became a tropical depression 

at 1200 UTC on 30 July (Fig. 2.1). After it became a hurricane at 1800 UTC on 1 August, a 

period of rapid intensification, defined as an increase in winds of at least 15.4 ms-1 in 24 hours 

(Kaplan and DeMaria 2003), followed from 0600 UTC 2 August to 1200 UTC 3 August. After 

this time, Hurricane Guillermo maintained peak wind speed values of 65 ms-1 from 1800 UTC 3 

August to 0600 UTC 4. This steady-state period coincided with the airborne Doppler 

observations from 1900 UTC 3 August to 2430 UTC 4 August, while the rapid intensification 

was captured by the aircraft from 1845 UTC 2 August to 2415 UTC 3 August. The storm 

reached its peak intensity of 70 ms-1 at 0000 UTC on 5 August. Throughout its development to 

the time of peak intensity, a ridge situated north of Hurricane Guillermo caused it to move 

towards the west-northwest at approximately 5 ms-1. Reynold‟s SST values on 3 August were 

approximately 28-29˚C, one degree cooler than observed on 2 August (REG08).  

 Table 2.1 shows the intensity change derived from the airborne Doppler radar data for 3 

August. Over the 4.5 hour observation period the overall maximum windspeed at 1 km height 

decreased from 74.1 ms-1 to 72.4 ms-1. The intensity oscillated between individual passes, with 

the greatest weakening (75.5 ms-1 to 71.1 ms-1) observed between 2017 UTC and 2054 UTC. 

This decrease of 5.8 % was the largest during the observation period on 3 August.  REG08 

showed an overall maximum windspeed decrease of 1% over the 10-pass observation period on 2 

August. The maximum 1 km windspeed was larger on 3 August than 2 August, with peak values 

of 75.5 ms-1 and 67.6 ms-1, respectively.  

Also shown in Table 2.1 are the global intensity metrics of domain-integrated kinetic 

energy (KE) and absolute angular momentum (AAM) based on the same equations in REG08,    =     2+ 2+ 2

2
 2

00

�
0

�            (9) 
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and    =     +
2

2
 2

00

�
0

�           (10) 

 

where  u, v, and w are radial, tangential, and vertical velocity, respectively,  is the Coriolis 

parameter, and ρ is the density. In this study, 0 = 1 km, H = 12 km, 0 = 20 km, and R = 60 

km. KE and AAM are used to capture the overall intensity change of the storm, rather than the 

“point” intensity as measured by the windspeed maximum at 1 km height. As found for the 

maximum windspeed, kinetic energy values were larger on 3 August than 2 August, with 

maximum values of 9.73 x 1016 kg-m2s-2 and 7.23 x 1016 kg-m2s-2, respectively. On 3 August, the 

kinetic energy decreased over the 9 passes by 1.4 %. The largest change was a decrease of 4.7 % 

during the period 2231 UTC to 2306 UTC. This steady state, or slight weakening, period was 

also reflected in the AAM, with no net change over the 9 passes. Conversely, the rapid 

intensification observed on 2 August was reflected by an approximate 6 % increase in AAM 

(REG08).  

 During the observation period on 3 August, the vortex was titled from the north-

northwest to the south-southeast (Fig. 2.2), similar to the northwest/southeast tilt seen on 2 

August (REG08).  This tilt is a result of the vertical shear affecting the system. The shear vectors 

on both 2 August and 3 August (Fig. 2.3) were from the north-northwest, although the shear was 

slightly weaker on 2 August than 3 August (7-8 ms-1 and 9 ms-1, respectively). The southern 

(northern) portion of the storm will be referred to as downshear (upshear), while the eastern 

(western) portion will be referred to as the left-of-shear (right-of-shear) semicircle.  

 Figure 2.4 shows the lower fuselage reflectivity from 3 August. A circular eyewall 

dominated from 1910 UTC to 1945 UTC.  The eyewall was ragged from 2054 UTC to 2202 

UTC and then transitioned back to circular by 2231 UTC. An elliptical transition period began at 

2306 UTC, and the eyewall became fully elliptical by 2346 UTC. In general, convection 

wrapped around the entire eyewall, except during 2017 UTC when an opening in the SW corner 

of the eyewall formed. On 2 August, the western edge of the eye was generally open and lower 

reflectivity values attempted to wrap around the eyewall (REG08); however, this was not 

observed on 3 August. The reflectivity distribution at 2017 UTC on 3 August most closely 

resembled the predominant structure on 2 August. On both days, the largest values of reflectivity 

were observed in the left-of-shear semicircle. Figure 2.5 shows upper-level reflectivity from the 
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Doppler radar analysis on 3 August. A co-located downshear bias in reflectivity and vertical 

velocity existed at the upper levels. These biases were also found to exist in Braun and Wu 

(2007). This downshear bias was more prominent on 3 August, when the shear was stronger, 

than on 2 August. On 2 August, this bias was not as clear since the eyewall underwent dramatic 

changes in basic structure during the observation period (REG08).  

 Figure 2.6a shows a strong lower- to middle-tropospheric updraft region in the 

downshear left quadrant of the storm. This is consistent with the persistent updraft region seen in 

Fig. 2.5. There was a weaker area of updrafts located in the upshear right quadrant. Between 

these two updraft regions were two weaker areas of descent. On 2 August the vertical velocity 

was dominated by wavenumber 1 (REG08 Fig. 7). A strong updraft region was located in the 

downshear left quadrant, while downdrafts were generally located in the upshear right quadrant. 

There were more areas of relative maximum updrafts on 2 August than 3 August, although the 

updrafts were weaker. On 3 August, there were three periods of relative maximum updraft, from 

1910 UTC to 1945 UTC, 2126 UTC, and 2231 UTC. Although it appeared that these strong 

updrafts were a single feature propagating in time, they were actually different vertical velocity 

features that formed and rotated around the eyewall.  

 The highest reflectivity values were found in the left-of-shear semicircle (Fig. 2.6b), 

consistent with the higher reflectivity values observed in this region in Figs. 2.4 and 2.5, and in 

agreement with the numerical findings of Braun et al. (2006). The weaker values of reflectivity 

observed between 2017 UTC and 2054 UTC were consistent with the low reflectivity values 

observed at 2017 UTC and 2054 UTC in Fig. 2.4 when the eyewall was open in the SW 

quadrant. Slightly stronger values of reflectivity were observed on 2 August compared to 3 

August. In regards to the lower values of reflectivity, the two days differed. On 2 August, the 

lower values of reflectivity wrapped around the eyewall as time progressed (REG08), while this 

was not observed on 3 August.  

 The vertical velocity structure can be further investigated through a Fourier wavenumber 

decomposition of the wind field (Fig. 2.7a). Although wavenumber 0 was the dominant feature 

on 3 August, wavenumbers 1 and 2 were also prominent features.  Individual passes did not 

always show wavenumbers 1 and 2 to be comparable in magnitude; often wavenumber 1 or 2 

would separately dominate. The large wavenumber 2 component was not observed on the 

previous day, as shown in REG08. On 2 August, wavenumber 1 was the dominant asymmetric 
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component, comparable in magnitude to the symmetric component. The peak values of the 

wavenumber 0, 2, and 3 components of vertical velocity were larger on 3 August than the 

previous day.  

 The vorticity wavenumber component plot (Fig. 2.7b) was similar between the two days 

of observations. Wavenumber 0 was by far the dominate component on both days, although the 

amplitude was larger on 3 August than 2 August. All low-wavenumber asymmetric components 

had amplitudes below 1 x 10-3 s-1 on both days, and wavenumbers 1 and 2 were generally the 

largest asymmetric components.  

 
 

2.1 Symmetric Component 

 
 

 The symmetric component of tangential wind (  ), relative vorticity (  = 1 ��    ) and 

AAM (  =  + 2

2
) were computed as in REG08. The 3 August observations measured a 

steady state storm over a six hour period (Mayfield 1997), which was reflected in the symmetric 

component calculations. The storm was more intense on the second day, as shown in Fig. 2.8a. 

Averaged over the 3 August observation period, the maximum symmetric tangential velocity at 1 

km height was 65.3 ms-1, more than 10 ms-1 greater than observed on the previous day. As 

expected for a strengthening hurricane (Willoughby 1990), the radius of maximum winds 

(RMW) contracted from 30 km on 2 August (REG08) to 26 km on 3 August. The RMW sloped 

outward to 36 km at 12 km height on 3 August, a smaller slope than observed on the previous 

day. The annular structure in vorticity observed on 2 August by REG08 was not as clearly 

resolved on 3 August (Fig. 2.8b).  Data was not plotted where less than 60% of good data existed 

in the azimuth; a lower threshold would allow more of the annular structure to be resolved. The 

relative vorticity was stronger on the second day, with values exceeding 6.0 x 10-3 s-1. The 

absolute angular momentum (Fig. 2.8c) also showed higher values on the second day of 

observation. At 30 km radius, AAM was 16 x 105 m2s-1 on 2 August, and increased to 19 x 105 

m2s-1 by the second day of observation. As observed in previous TC studies, above the boundary 

layer the AAM surfaces slope outward (e.g., Black et al. 1994; Zhang et al. 2001). The AAM 

surfaces were less sloped on 3 August than 2 August.  
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 Figure 2.9 shows low-level symmetric tangential velocity and relative vorticity in a 

Hovmöller diagram. On 3 August, from 1910 UTC to 2231 UTC, the RMW remained almost 

constant at 26 km then began to move outward at 2231 UTC (Fig. 2.9a). The largest values of 

tangential velocity were confined to the beginning of the observation period from 1910 UTC to 

1945 UTC. In contrast, on 2 August during intensification, the RMW moved inward during the 

observation period, and multiple peaks in the tangential velocity in time were observed (REG08). 

This steady state structure on 3 August was observed in the relative vorticity Hovmöller plot as 

well (Fig 2.9b). Overall, the values were constant throughout the observation period. Within a 30 

km radius, the vorticity gradient broadened from 1910 UTC to 2126 UTC, consistent with the 

observed weakening of the winds. 

  Both the time averaged radial velocity and vertical velocity fields were stronger on the 

second day of observation (Fig. 2.10). On 3 August, values of radial velocity (Fig. 2.10a) 

exceeded 7 ms-1, while on 2 August maximum values were near 5.5 ms-1 (REG08). The overall 

structure of the field on both days was generally the same. Inside the RMW, an outflow jet 

existed at the lowest resolved levels. Strong outflow was also found above approximately 7 km 

height, with the largest values at the top of the plotting domain. In the middle-levels, a weak 

inflow region was observed. Since the boundary layer winds were not resolved in the present 

analysis, the expected strong low-level inflow was not observed. The vertical velocity structure 

(Fig. 2.10b) was also similar between the two days. The maximum vertical velocity was inside 

the RMW on both days and was slanted outward with height. On 3 August, the maximum 

vertical velocity was located at upper levels (9.5 km) with values exceeding 4.0 ms-1, while on 2 

August the maximum vertical velocity was located higher (11 km) with values exceeding         

3.0 ms-1.  

 Hovmöller diagrams of symmetric vertical velocity and radial velocity at 3 km height 

show the evolution of these fields over time (Fig. 2.11). On 3 August, the vertical velocity 

maximum moved outward from 25 km to 27 km radius, consistent with the RMW moving 

slightly outward at the end of the five-hour period (Fig. 2.11a). Maximum values exceeded 3.5 

ms-1.  As observed on 2 August, there were multiple peaks of higher vertical velocity values, 

with the largest from 2054 UTC to 2202 UTC. There were also two other peaks in vertical 

velocity, one at 1910 UTC and another at 2346 UTC, although these peaks were smaller in 

amplitude. Peak values on 2 August exceeded 3.0 ms-1 (REG08), less than the maximum values 



 

34 
 

on 3 August. On 3 August, multiple positive peaks were also seen in the radial velocity field 

(Fig. 2.11b), but were out of phase with the peaks in the vertical velocity field. The largest peak 

occurred at 1945 UTC, with a value exceeding 2.5 ms-1, as compared to 2 August when the 

values did not exceed 2.0 ms-1.  These positive maxima are indicative of periodic enhancement 

of symmetric outward flow from the eye into the eyewall just above the boundary layer.  On 3 

August they preceded amplification of the symmetric vertical velocity in the eyewall. 

 
 

2.2 Asymmetric Component 

 
 
 Although the storm intensity was steady state and the symmetric features were 

approximately constant over time on 3 August, the asymmetric components contained time-

evolving features. Figure 2.12 shows the low-wavenumber asymmetric vorticity and vertical 

velocity in the 1-3 km layer. At all observation times on 3 August, there was evidence for 

modulation of the convective field by existing vortical structures.  For example, at 1945 UTC the 

vertical velocity maximum trailed the vorticity maximum (see also REG08 Fig. 17). This 

relationship has been observed in previous numerical studies (e.g., Braun et al. 2006) and was 

argued by REG08 to be associated in some cases with local enhancement of convergence where 

radial outflow on the upwind edge of a cyclonic vorticity maximum meets storm-relative 

environmental flow. In general, on 3 August there was a wavenumber 2 feature in vorticity, with 

maximum positive values in both the left-of-shear and right-of-shear semicircles. All observation 

periods exhibited a strong updraft in the downshear left quadrant consistent with previous work 

(Jones 1995; Wang and Holland 1996; Frank and Ritchie 1999; Reasor et al. 2004).  The 

majority of observational passes also displayed a secondary updraft in the upshear right quadrant. 

On 2 August, the low-level updrafts were confined to the left-of-shear semicircle, with the 

strongest updrafts often located in the downshear left quadrant. Although previous studies (Jones 

1995; Wang and Holland 1996; Frank and Ritchie 1999; Reasor et al. 2004) found downdrafts in 

the upshear region, Fig. 2.12 shows updrafts in the upshear region on 3 August. This difference 

in updraft location between the two days in the upshear region could be attributed to the storm 

motion creating a favorable region for updrafts in the front-right quadrant relative to the storm 

motion (Corbosiero and Molinari 2003). On 3 August, Hurricane Guillermo was stronger and 

potentially more resilient to the vertical shear. A comparison of Fig. 2.7 with the corresponding 
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figure in REG08 reveals that the wavenumber 1 vertical motion asymmetry was comparable in 

magnitude to the symmetric component on 2 August.  On 3 August, however, the symmetric 

component dominated, and thus the upshear-right (front-right) quadrant of the storm may have 

been thermodynamically more favorable for the generation of the motion-forced convective 

asymmetry. In addition to this difference in upshear vertical motion, other differences arose in 

the relative vorticity between the two days. On 2 August, the vorticity asymmetry did not show a 

preferred orientation, but was associated with a rotating wavenumber 2 component (REG08), 

while the vorticity on 3 August was typically maximized in the upshear right and downshear left 

quadrants.  

A pronounced wavenumber 2 feature existed at 2017 UTC and 2346 UTC on 3 August in 

the relative vorticity field, with the highest values in the downshear left and upshear right 

quadrants of the storm (Fig. 2.12). In the wavenumber decomposition of vorticity for both passes 

this wavenumber 2 component was clearly evident (Fig. 2.13a and Fig. 2.14a). In addition, a 

wavenumber 2 vertical velocity asymmetry was observed at 2017 UTC (Fig. 2.13b), and a 

wavenumber one asymmetry existed at 2346 UTC (Fig. 2.14b). These features at the later time 

were observed when the eyewall reflectivity was visibly elliptical (Fig. 2.4).  The highest 

vorticity values were located downwind of the elongated reflectivity axis. At 2017 UTC an 

elliptical eyewall in reflectivity was not observed; instead, the eyewall was ragged and open in 

the southwest quadrant.  

 The vorticity asymmetry rotated around the storm during the observation period on 3 

August and appeared to modulate convection in favorable flow areas (downshear left and 

upshear right), as discussed in Braun et al. (2006). For example, at 2202 UTC high values of 

relative vorticity were located in the right-of-shear semicircle. According to the lower fuselage 

animation, the orbital period of reflectivity associated with this feature was slightly greater than 

one hour. As the vorticity maximum rotated through the convectively favored downshear region, 

it may have kicked off the strong updrafts in the downshear left quadrant at 2231 UTC, as 

suggested by Braun et al. (2006) and Braun and Wu (2007).  Similarly, this can be argued for 

later times, between 2306 UTC and 2346 UTC. The vorticity maximum located in the upshear 

right quadrant at 2306 UTC was estimated to have rotated around the eyewall with an orbital 

period also slightly greater than one hour. At this rate the vorticity maximum should have rotated 

through approximately 225˚ by 2346 UTC. The downshear left vorticity maximum at 2346 UTC 
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is indeed close to this location. The horizontal wind vectors (Fig. 2.12) showed a convergent 

flow pattern in the downshear left quadrant at 2346 UTC. The vorticity feature may have 

initiated the updraft in this region as it rotated around the eyewall through the region of low-level 

asymmetric inflow. A similar initiation of ascent was also noted for 2 August in Hurricane 

Guillermo (REG08).  

 The wavenumber 2 component of vorticity can be further investigated through a 

Hovmöller diagram on 3 August (Fig. 2.15). The largest values were observed at 2017 UTC and 

2346 UTC, consistent with the wavenumber 2 features observed in Fig. 2.12. A weaker 

maximum existed at 2202 UTC. Maximum values over the nine passes exceeded 12 x 10-4 s-1. 

The largest values of wavenumber 2 relative vorticity were inward of the RMW and moved 

outward as time progressed. When comparing Fig. 2.15 with the Hovmöller diagram of 

symmetric vertical velocity (Fig. 2.11a) and the azimuthal-time plot of low-wavenumber vertical 

velocity (Fig. 2.6a), there appeared to be enhanced symmetric and low-wavenumber vertical 

motion preceding the wavenumber 2 relative vorticity maxima.  The first day of observations (2 

August) showed two radial peaks in relative vorticity, both radially inward of the RMW. This 

double peak was not observed on the second day in part due to the fact that the data was not 

resolved inward of approximately 15 km, although there was evidence at the beginning of the 

observation period to suggest that such a double peak did exist. As observed on 3 August, 

maximum values exceeded 12 x 10-4 s-1 on 2 August. The enhancement of vertical motion before 

a wavenumber 2 maximum was not evident on 2 August.  

 Although Fig. 2.15 shows the wavenumber 2 component of relative vorticity at lower 

levels, it is not necessarily representative of the field at upper levels on 3 August. Figure 2.16 

shows a typical wavenumber 2 structure in the vertical for 2306 UTC on 3 August. Values at 

upper-levels are on average 2 to 4 times larger than at lower-levels. This vertical structure was 

not observed during time periods when the low-level amplitude of wavenumber 2 vorticity was 

large (2017 UTC, 2054 UTC, and 2346 UTC). An example is shown in Fig. 2.17 for 2017 UTC 

on 3 August. In this case, values were approximately equal at upper and lower-levels. On 2 

August the wavenumber 2 amplitude values were generally similar throughout the column. The 

exceptions were 2042 UTC and 2258 UTC, when a strong wavenumber 2 relative vorticity 

component existed at low-levels compared to upper-levels (not shown).  
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Table 2.1 Maximum 1 km windspeed (Vmax), absolute angular momentum, and kinetic energy 
are given for each observation time on 3 August. 
 

Pass Central Time (UTC) Vmax (ms-1) AAM (1020 kg-m2s-1) KE (1016 kg-m2s-2) 

1 1910 74.1 1.59 9.73 

2 1945 74.4 1.59 9.70 

3 2017 75.5 1.55 9.32 

4 2054 71.1 1.58 9.59 

5 2126 71.3 1.59 9.65 

6 2202 70.6 1.59 9.69 

7 2231 70.1 1.63 9.89 

8 2306 72.3 1.58 9.43 

9 2346 72.4 1.59 9.59 

 
 

 
 

Figure 2.1 Track of Hurricane Guillermo (1997) in the Eastern Pacific. The intensity of the 
storm is denoted by various colors. The time period of interest is denoted by a white box.  
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Figure 2.2 Tilt plot depicting the 1-10 km time-averaged center location of the vortex at each 
level. The 1-10 km averaged center is denoted by the +. 
 
 

 
Figure 2.3 Time-averaged shear plot showing wind shear from 1-10 km over the nine passes. 
The shear vector is drawn in the solid black line and is from the north-northwest. The dashed 
(solid) circle indicates 5 ms-1 (10 ms-1).  
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Reflectivity (dBZ) 

Figure 2.4 Lower fuselage reflectivity images (dBZ) from the lower level aircraft (3 km) for 
each pass on 3 August. The domain is equivalent to the Doppler radar analyses, 120 x 120 km.  
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Figure 2.5 Plot showing the 9-11 km averaged upper level radar reflectivity (shaded), 
wavenumber 0-4 vertical velocity (contours) and wavenumber 0-4 horizontal wind (vectors) for 
3 August. Data is not plotted where large gaps in the wind data exists. Vertical velocity is 
contoured at 2 ms-1 with positive (negative) values depicted as solid (dashed) lines.  
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 Figure 2.5 (continued) 
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Figure 2.6 Time-azimuth plots of (a) vertical velocity and (b) reflectivity. Vertical velocity is 
averaged over the 2-6 km layer while reflectivity is at 2 km height. Both are averaged over a 
radius from 20-30 km. In figure (a) positive (negative) values are solid (dashed) lines. Vertical 
velocity (a) is contoured by 1.0 ms-1 while reflectivity (b) is contoured by 2.5 dBZ. The 
downshear direction is depicted by the solid vertical line.  
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Figure 2.7 Time-averaged low-wavenumber (n=0-4) decomposition of (a) vertical velocity and 
(b) vorticity in the 1-3 km layer. The symmetric contribution is denoted by the heavy solid line.   
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Figure 2.8 Time-averaged plot of symmetric (a) tangential velocity, (b) relative vorticity, and (c) 
absolute angular momentum (3 August). Contour intervals are 5.0 ms-1, 0.5 x 10-3 s-1 and 3 x 105 
m2s-1, respectively.  
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Figure 2.9 Time-radius plot of symmetric (a) tangential velocity and (b) relative vorticity at 3 
km height for 3 August with contour intervals of 5.0 ms-1 and 0.5 x 10-3 s-1, respectively.  
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Figure 2.10 Time-averaged radial-height plots of symmetric (a) relative velocity and (b) vertical 
velocity for 3 August with contour intervals of 1.0 ms-1 and 0.5 ms-1, respectively.  
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Figure 2.11 Time-radius plot of symmetric (a) vertical velocity and (b) radial velocity on 3 
August at 3 km height. Contour interval is 0.5 ms-1.  
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Figure 2.12 Low-wavenumber (n=1-4) asymmetric relative vorticity (shaded), vertical velocity 
(contours) and horizontal winds (vectors) in the 1-3 km layer for nine passes on 3 August. 
Contours are 0.5 ms-1 for the vertical velocity. Domain size is 120 x 120 km. Only positive 
values of asymmetric vorticity and vertical velocity are shown.  
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Figure 2.12 (continued) 
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Figure 2.13 Decomposition of low-wavenumber (a) relative vorticity and (b) vertical velocity 
for 2017 UTC (3 August) in the 1-3 km layer. The symmetric component is denoted by the heavy 
black line.  
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Figure 2.14 Same as Fig. 2.13 except for 2346 UTC (3 August).  
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Figure 2.15 Radius-time diagram of azimuthally averaged wavenumber 2 relative vorticity in the 
1-3 km layer on 3 August. Contours are 2 x 10-4 s-1.  
 

 
Figure 2.16 Azimuthally averaged wavenumber 2 vorticity for 2306 UTC on 3 August. Contours 
are 0.5 x 10-4 s-1.  
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Figure 2.17 Same as Fig. 2.16 except for 2017 UTC (3 August).  
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CHAPTER 3 

 

DOPPLER-BASED ABSOLUTE ANGULAR MOMENTUM BUDGET 

 

 

 

 

While it is important to document the changes in TC structure and intensity, as done in 

Chapter 2, to gain understanding one must also examine the mechanisms responsible for the 

observed structure and intensity changes. Budget equations for a specific variable offer one 

means of obtaining insight into why that variable is changing. An AAM budget was performed in 

this study to help understand the mechanisms involved in Hurricane Guillermo‟s structure and 

intensity change on 2 and 3 August.  

In order to perform a meaningful budget analysis with observations, the retrieved wind field 

must resemble the true flow field.  The data quality analysis of Chapter 1 revealed that tangential 

wind was best represented in terms of normalized errors.  The radial velocity also showed 

general agreement with the aircraft in situ observations, but in individual passes the discrepancy 

far removed from the aircraft could be unacceptably large.  Vertical velocity was most 

problematic in terms of correlation, but this is to be expected given the utilization of the anelastic 

mass continuity constraint.  Winds over a 16 km2 area are effectively used to determine vertical 

motion.  Thus, the spatial position of vertical velocity maxima and minima is unlikely to be 

preserved in the Doppler analysis, except in cases of strong, broad updrafts. REG08 found that 

the frequency distribution of Doppler-derived vertical velocity, however, does show good 

agreement with the in situ data set.  Despite these errors, the basic symmetric and asymmetric 

structure of the vortex was found in Chapter 2 to agree with previously observed and simulated 

hurricanes.   

In addition to the data quality, another important factor to address regarding the feasibility of 

Doppler-based budget studies is the temporal sampling of the data. If rapid fluctuations exist, the 

sampling interval must be small enough to resolve these changes. For example, consider a 

generic example where X is a measured variable and F represents the physically based budget 

terms that account for the change in X with time: 

 ��� = .        (11) 
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This equation can be averaged over time, T, 

 

1

Τ ���Τ
0

=
1

Τ  Τ
0

      (12) 

 

and then simplified to: 

 � Τ −�(0)

Τ
=

1

Τ  Τ
0

.      (13) 

 

The RHS must be estimated numerically.  The equality holds only in the limit as the time interval 

between observational samples goes to zero.  Thus, if F changes on a timescale much more 

rapidly than the sampling timescale, agreement between the overall tendency represented by the 

LHS and the average budget tendency estimate on the RHS should not be expected.   

It is anticipated that if the predicted variable (X in the above example) exhibits a large 

trend over the observation period with superimposed smaller amplitude, shorter timescale 

fluctuations, the opportunity to perform a meaningful budget may be enhanced. Time series of 

symmetric tangential wind at 3 km height for 2 August and 3 August are shown in Figs. 3.1 and 

3.2, respectively. The time series for three radial locations relative to the RMW is shown with 

regression lines over-plotted.  Data at 2 km and 4 km height were also examined (not shown), 

and it was determined that the fluctuations of tangential wind at 3 km height were representative 

of the lower troposphere. A positive trend was observed on 2 August, consistent with the 

previously-documented intensification of Hurricane Guillermo during that time. The largest 

standard deviation existed inward of the RMW at 26 km, with a value of 3.99 ms-1. Observations 

on 3 August were made during a longer-time steady state period, although the time series (Fig. 

3.2) depicts a slight overall weakening. In this case, the largest standard deviation also occurred 

inward of the RMW at 22 km, but the value of 1.05 ms-1 was significantly lower than observed 

on 2 August. While the mere presence of a well-defined trend in the predicted variable does not 

guarantee that the budget, even with perfect data, will be accurate, we will assume that the 30 

minute sampling in the dual-Doppler dataset is adequate.  Numerical simulations discussed in 
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Chapter 4 demonstrate that 30 minute sampling is indeed sufficient to perform a meaningful 

AAM budget in the hurricane eyewall region.   

 
 

3.1 AAM Budget in Advective Form 

 
 

The storm-relative AAM tendency equation in advective form can be expressed in 

cylindrical height coordinates as: 

(14) 

 

where M is the storm-relative AAM, u is the storm-relative radial wind, w is vertical velocity, 

and  is the friction term.  The bar and prime notation indicates mean and perturbation (i.e., 

eddy) quantities, respectively. The � �  notation indicates the local time rate of change 

following the storm.  On the eyewall scale, deviations of the Coriolis parameter from a constant 

reference value can be neglected.  Generally, the friction term offsets the radial advection in the 

planetary boundary layer; since this study does not include the boundary layer in the Doppler-

derived observations the friction term will be ignored in this analysis. It should be noted, 

however, that scales unresolved in the present Doppler analysis may contribute to an effective 

friction above the boundary layer (e.g., in regions of high shear). We also neglect this 

contribution to the symmetric budget. The LHS of the equation will be referred to as the 

“observed” AAM tendency, while the RHS will be referred to as the “budget” AAM tendency. 

The terms on the RHS, from left to right, are the symmetric radial and vertical advection of 

AAM, and the corresponding eddy radial and vertical advection of AAM. As shown in Chapter 

2, AAM is related to tangential wind by  =  + 2

2
. Thus, a change in symmetric AAM is 

directly related to a change in the symmetric tangential velocity. As discussed by Wu and Braun 

(2004), we focus on the “persistent physical processes” responsible for the overall trends in Figs. 

3.1 and 3.2 by time averaging the budget equations over the observation period.  

 

3.1.1 Total AAM Budget Tendency vs. Observed Tendency 

The time-averaged, azimuthal mean budget using the Hurricane Guillermo Doppler-

derived data for 2 August (3 August) is shown in Fig. 3.3 (Fig. 3.4). On both days, the total 
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(symmetric plus eddy) radial and vertical advection terms were of the same order of magnitude, 

but opposite in sign (Figs. 3.3a, b and 3.4a, b). Maximum amplitudes in both terms were co-

located inward of the RMW. The vertical advection term was larger in magnitude by 

approximately 2.5 m2s-1h-1 (10 m2s-1h-1) in the mid to upper-levels on 2 August (3 August), and 

at the lowest level the radial advection term was larger. The upper level minimum in the radial 

advection exists because radial outflow is maximized at upper levels. Angular momentum 

increases radially outward at this level, and thus 
�� > 0 and > 0; when the terms are 

multiplied, − �� < 0. A secondary minimum was observed at the lowest levels inside the 

RMW due to the concentrated radial outflow just above the boundary layer there. A similar 

argument can be made for the upper-level maximum in the vertical advection term. As the AAM 

surfaces above the boundary layer generally slope radially outward with height, AAM decreases 

with height and  
�� < 0. Vertical velocity was maximized at the upper levels near 10 km height. 

At that level > 0, resulting in − �� > 0. These radial and vertical advection terms can be 

combined. The resulting residual is referred to as the total budget term, or the AAM budget 

tendency term (Figs. 3.3c and 3.4c), which is the RHS of (14).  On both days of observation the 

total budget term showed positive values at middle-levels inside the RMW, indicating spinup 

there, and negative values near 2 km height, indicating spindown. Spinup (spindown) is an 

increase (decrease) in symmetric AAM, or tangential velocity. The maximum values of AAM 

tendency correspond to an approximate rate of increase in tangential winds of 9 ms-1h-1 (40 ms-

1h-1) for 2 August (3 August). Similarly, the observed tendency in AAM on 2 August also 

depicted a spinup inside the RMW with maximum values at middle- to upper-levels (Fig. 3.3d), 

but the values were a factor of 4-5 smaller than the budget tendency values (Fig. 3.3c). This 

difference in magnitude between budget and observed AAM tendency also existed on 3 August, 

although the observed tendency was dominated by spindown; the budget and observed 

tendencies are neither in quantitative nor qualitative agreement.  The observed positive 

(negative) AAM tendency on 2 August (3 August) is consistent with the increase (weak 

decrease) in tangential velocity observed in the time series shown in Fig 3.1 (Fig 3.2). The 

differences between observed and budget AAM tendency values will be discussed in greater 

detail later in this chapter.  
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 Previous numerical modeling studies have performed similar AAM budget analyses. 

Zhang et al. (2001) used a 6-km MM5 model simulation of Hurricane Andrew (1992) to examine 

the AAM budget over a 1-hour period during intensification (Liu et al. 1997). The RMW was 

located at 30 km, similar to that observed on 2 August in Hurricane Guillermo, although the peak 

symmetric tangential wind speed of 75 ms-1 was larger than in Hurricane Guillermo, and the 

eyewall exhibited a greater outward slope in their study (compare Fig. 2.8a and their Fig. 1c). 

The radial velocity was also qualitatively similar between the two studies, with outflow just 

above the boundary layer and at upper-levels, and weak inflow at middle-levels (compare Fig. 

2.10a and their Fig. 1b). Whereas the tangential and radial velocity values were stronger in the 

Hurricane Andrew simulation, the vertical velocity is stronger in the Hurricane Guillermo 

observations (compare Fig. 2.10b and their Fig. 1a).  

 As the symmetric structure observed on 2 and 3 August in Hurricane Guillermo was 

similar to that of the Hurricane Andrew simulation performed by Zhang et al. (2001), one would 

also expect similarities to exist between the AAM budgets, particularly on 2 August when 

Guillermo was rapidly intensifying. Consistent with the Guillermo AAM budget, Zhang et al. 

(2001) found a dominance of negative (positive) values of radial (vertical) AAM advection 

above 1 km (their Fig. 2b and 2c), with values of similar magnitude. Maximum amplitudes are 

located at approximately 1.5 km in the vertical, with a secondary maximum at upper-levels. This 

low-level maximum is not fully resolved in the dual-Doppler observations since the vertical 

domain begins at 2 km. The secondary maximum at upper-levels is consistent with the maximum 

observed in the dual-Doppler analysis. Both the radial and vertical advection terms were larger in 

the numerical model study by approximately a factor of 2. The discrepancy in values is likely 

attributed to the stronger storm in the numerical simulation. Consistent with the dual-Doppler 

observations, Zhang et al. (2001) also observed a slightly larger magnitude for the vertical 

advection of AAM than the radial advection of AAM.  Such a relationship would be expected in 

an intensifying storm. In general, the local tendency estimated by Zhang et al. (2001) showed 

positive values along the RMW (their Fig. 2d) further outward than observed in Guillermo on 2 

August. The magnitude of the estimated tendency in the Andrew simulation is consistent with 

the observed tendency values in Guillermo.  
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3.1.2 Influence of Errors 

 Although Zhang et al. (2001) did not show an observed AAM tendency to compare with 

the budget tendency, other numerical simulations suggest that an approximate agreement is 

possible. Based upon a numerical analysis presented in Chapter 4, the errors in the Doppler-

based budget likely arise from errors in the data itself. The question is then whether the primary 

source of error lies in the radial advection, vertical advection, or both. Since the budget tendency 

is a small residual resulting from the sum of the radial and vertical advection terms, errors that 

would alter the spatial location or magnitude of these terms must be assessed. For example, a 

reduction in the magnitude of the vertical advection term could bring the budget estimate on both 

days closer into agreement with the observed tendency.  Separate contributions to error are 

discussed below. 

 As discussed in Chapter 1, the dual-Doppler observations are interpolated from radar 

coordinates to Cartesian coordinates using a Gaussian weighting. During this process, the true 

value observed in nature at each point is lost. Thus, even if the measurements from the airborne 

Doppler radar are perfect, the interpolation process will always introduce error into the wind 

field. The preservation of the wind structure is extremely important, as a large degree of 

accuracy is needed to compute the terms and obtain the correct residual. In addition, the 

synthesis technique involves discretization of derivatives, and thus numerical truncation errors.  

Similar discretization errors are involved in calculating radial and vertical advection. It is 

important to compute the derivatives on the finest available spatial scale (see the Appendix for 

more details). 

Another approximation performed to obtain the three-dimensional wind field is the 

application of the anelastic mass continuity constraint. The anelastic assumption itself is only an 

approximation to the true mass continuity equation. Numerical simulations discussed in Chapter 

4 suggest that the residual resulting from the sum of the anelastic mass continuity equation terms 

is an order of magnitude less than individual terms, and has largest values in the convective 

regions of the eyewall (not shown). With horizontal grid spacing of 2 km, vertical velocity 

derived with a mass continuity constraint is based upon wind measurements over a 16 km2 area. 

While this greatly impacts the vertical velocity statistics shown in Chapter 1, it is difficult to 

assess how this might impact the azimuthal mean vertical velocity.  The application of the mass 

continuity constraint is complicated by the fact that convergence in the boundary layer and inside 
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the eyewall is not well-resolved. The calculation of vertical velocity is also affected by fall speed 

removal. As shown in Chapter 1, if the observed vertical velocity value is smaller than the 

fallspeed, then an overestimation (underestimation) of fallspeed will result in an overestimation 

(underestimation) of vertical velocity. Attenuation is a closely related issue, and was also 

discussed in detail in Chapter 1. Attenuation will cause the measured reflectivity value to be 

lower than the true reflectivity value, and thus the calculated fallspeed will be smaller than the 

true fallspeed. Thus, it may not be possible to obtain a uniformly accurate value of the vertical 

velocity. 

  

3.1.3 Individual Budget Components 

 Although it is not always possible to obtain quantitative agreement between budget and 

observed AAM tendency, one may still be able to draw conclusions about the individual 

components. Figs. 3.5 and 3.6 show the individual advective components on the RHS of (14). 

Symmetric radial and vertical advection are the dominant terms, and are an order of magnitude 

greater than the eddy terms. The symmetric radial and vertical advection terms are equal in 

magnitude but opposite in sign; the addition of these two terms results in a small positive 

residual on both days, as the symmetric vertical advection term is larger than its radial 

counterpart. Although some cancellation would occur by adding the eddy terms, the cancellation 

is not as pronounced between these two terms. The eddy terms are generally of the same sign as 

their corresponding symmetric counterparts. Since the eddy terms do not demonstrate the strong 

cancellation shown with the symmetric terms, the sum of the vertical and radial eddy terms may 

have significance in this observationally based budget. The eddy terms, however, still contain 

errors beyond those discussed above. For example, eddies moving azimuthally about the eyewall 

are sampled at different times within the eyewall during the compositing period.  The composite 

asymmetric wind structure will thus not represent the power spectrum of the individual 

wavenumber components exactly (i.e., the wavenumber components will be aliased). Prior 

studies have found that in terms of the low azimuthal wavenumber structure of the vortex, 

aliasing does not significantly impact qualitative representation of the eyewall asymmetry 

(Reasor et al. 2000; REG08).  Additionally, at larger distances from the aircraft the time lag is 

larger, so the fore and aft measurements of an evolving eddy may occur at significantly different 

times, distorting the wind field locally.  For FAST scanning, however, the time lag between fore 
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and aft measurements at the periphery of our domain is less than 6 minutes. Although aliasing 

and related time lag issues are present for all eddies, it has a greater impact on the larger 

wavenumber components. Thus, the low wavenumber component of the wind field is the focus 

of this study.    

 

3.1.4 Symmetric and Asymmetric Components 

 The symmetric radial and vertical advection terms can be added together to determine 

their total role on both days (Figs. 3.7a and 3.8a). This can also be done for the eddy terms (Figs. 

3.7b and 3.8b). The total symmetric and eddy terms are on the same order of magnitude. On 2 

and 3 August, the total symmetric term is dominated by spinup, with the maximum located 

radially inward of the RMW. Spindown is shown inward of the RMW at low levels, a 

contribution from the radial advection term; another area of spindown is located at upper levels 

at the outer edge of the domain, again resulting from the radial advection of AAM. Whereas the 

total symmetric contribution shows some consistency between 2 and 3 August, the total eddy 

contribution to symmetric AAM change reveals a different role for the eddies during rapid 

intensification (2 August) and slight weakening (3 August) periods.  The total eddy contribution 

on 2 August yields spindown centered on the RMW, but sloping outward, at lower levels and 

spinup centered on the RMW, but sloping outward, at middle levels. Thus the basic lower to 

middle tropospheric pattern is one of spinup radially inside of spindown.  At upper levels a 

strong spindown tendency is observed inside the RMW.  The eddies alone, according to the 

analysis, played the role on 2 August of vertically aligning AAM surfaces in the lower- to 

middle-tropospheric eyewall, and reinforcing the more dramatic outward slope in the upper-level 

eyewall. On 3 August the resolved eddy advective tendency was weaker in amplitude at the 

lowest levels, and generally negative from 3 to 6 km height near the RMW.  At upper levels the 

eddy tendency was generally positive near the RMW.   

 Yang et al. (2007) performed an angular momentum budget using the TCM3 model 

(Wang 1999) with 5-km horizontal resolution, and presented results in a manner similar to that 

shown in Figs. 3.7 and 3.8. Their results were time-averaged over a much longer 120 hour period 

during which the intensity of the simulated hurricane was approximately steady. The basic 

symmetric structure is similar to Hurricane Guillermo, with the RMW near 30 km and a 

maximum tangential wind value of approximately 75 ms-1. Yang et al. (2007) showed values of 
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symmetric total advection that did not exceed 7.2 x 105 m2s-1h-1 above 2 km height (their Fig. 

8a). These values are consistent with the current study, as maximum values were approximately 

7 x 105 m2s-1h-1 on both days.  Due to their focus on large-amplitude structures within and just 

above the boundary layer, little contour detail is provided in the present region of interest.  The 

structure of net symmetric tendency showed little obvious agreement with that of the budgets on 

2 and 3 August. Due to the issues with non-cancellation of the radial and vertical advective terms 

in the Doppler-based budget, such discrepancy is not surprising.  The comparison of total eddy 

tendency between Yang et al. (2007) and the current study on 2 August is far more promising. At 

low levels, both found spindown at and radially inward of the RMW, and spinup located radially 

inward of that. In addition both show an upper-level spindown near the RMW.  The magnitude 

of the eddy spinup and spindown tendencies at 2 km height reported by Yang et al. (2007) was 

approximately 0.72 x 105 m2s-1h-1.  This value is comparable to the low-level magnitudes 

observed on both 2 and 3 August, but the structure best resembled that on 2 August. 

 As shown above for 2 August, eddies near the boundary layer played a role in spinning 

down the AAM at and outward of the RMW, while they contributed to spinup radially inside. On 

3 August the maximum spindown near the RMW was focused at higher elevations.  The absence 

of a lower- to middle-level spinup radially inside may simply be a consequence of the truncation 

of data near 16-17 km radius during the observation period (note: the 4 km inward shift of the 

RMW between 2 and 3 August did not come with an inward shift of usable data). According to 

Yang et al. (2007) angular momentum is transported from the eyewall to the eye through eddy 

transports caused by barotropic instability. As this transport takes place, a reduction occurs in the 

slope of the AAM surfaces and the eyewall becomes less tilted. With a less sloped eyewall, 

downdrafts beneath the eyewall decrease and the associated cooling decreases in this area. This 

causes the temperature difference between the ocean surface and the air to decrease and 

ultimately plays a role in decreasing the maximum intensity of the storm. Earlier studies 

demonstrated this spinup/spindown couplet in a more idealized context to be a result of nonlinear 

mixing between the eye and eyewall (Schubert et al. 1999; Kossin and Schubert 2001; Rozoff et 

al. 2008), while other authors have attributed a similar structure to convectively-coupled vortex 

Rossby waves (VRW‟s) spiraling outward from the vortex center (e.g., Montgomery and 

Kallenbach 1997; Wang 2002b). Since many of these studies present the AAM budget in its flux 
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convergence form, this form will be presented and used in the remaining discussion to facilitate 

comparison.   

 
 

3.2 AAM Budget in Flux Convergence Form 

 
 

 To derive the flux convergence form of the AAM tendency equation, AAM times the 

mass continuity equation is subtracted from the advective form of the equation. The mass 

continuity equation is approximated by its anelastic form, 

 

1 ��   +
1 ��� +

1 ��   =  0 ,    (15) 

 

where    is the reference profile of density. An azimuthal mean of the resulting equation 

yields: 

 ��  = − ��      − �� ( )
           − ��      − �� ( 0 )

              
    (16) 

 

which can then be expressed in the flux convergence form as 

 ��  = − 1 ��     − 1 ��  ′ ′       − 1 ��     − 1 �� ( ′ ′      ).   (17) 

 

The LHS of the equation is again the symmetric AAM tendency. The RHS of the equation, from 

left to right, is the symmetric radial flux convergence of AAM, the eddy radial flux convergence 

of AAM, the symmetric vertical flux convergence of AAM, and eddy vertical flux convergence 

of AAM. 

 

3.2.1 Total AAM Budget Tendency vs. Observed Budget Tendency 

 The time-averaged total budget and observed tendency terms are shown in Figs. 3.9 and 

3.10 for 2 and 3 August, respectively. On both days, as observed in the corresponding advective 

AAM tendency budget, the symmetric flux convergence is dominated by spinup in the mid- to 
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upper levels, with maximum values of approximately 10 x 105 m2s-1h-1 (Figs. 3.9a and 3.10a). A 

spindown maximum at low levels is also observed on both days, although it is stronger on 3 

August. The eddy flux convergence between the two days was different in structure; however, 

the structure and intensity is similar to that observed for each corresponding day in the advective 

form of the AAM tendency equation (Figs. 3.9b and 3.10b). The spindown in the eyewall and 

spinup in the eye remains an important feature on 2 August. Also consistent is the split in 

positive values observed at middle levels with the intrusion of negative values in between. The 

region of negative eddy flux convergence values at middle levels in the eyewall on 3 August is 

again a predominant feature. Values are slightly different between the advective and flux 

convergence forms, which should not be the case if the anelastic mass continuity equation is 

exactly satisfied within the analyzed flow.  The differences then result from departures from 

anelastic conditions. 

 

3.2.2 Individual Budget Components 

The symmetric and asymmetric components can be broken down further into radial and 

vertical flux convergence terms, as was done with the advective form. Figure 3.11a,b (Fig. 

3.12a,b) shows the symmetric radial and vertical flux convergence, respectively, for 2 August (3 

August).  In general, a large cancellation exists between the two terms, and the dominant values 

are of the same sign as previously discussed for the advective form.  Recalling that the 

symmetric outward radial flow, and thus the radial AAM flux, is maximized just inside the 

RMW, the spinup at and outside the RMW is expected.  The spindown radially inside this region 

results from the divergence of the radial AAM flux.  The symmetric vertical flux convergence is 

largely positive inside the RMW, countering the radial flux convergence tendency.  The 

spindown/spinup structure in the two terms on 3 August showed more spatial variability than on 

2 August.  The basic structure of the eddy flux convergence terms (Figs. 3.11c, d and 3.12c, d) 

on 2 and 3 August agreed. For example, on both 2 and 3 August, the eddy radial flux 

convergence term was largely negative along the RMW, and positive radially inside.  On 3 

August in the lower troposphere, however, the positive tendency either did not exist or was 

unresolved.  The eddy vertical flux convergence tended to counter the tendencies associated with 

the eddy radial flux convergence, but not quite to the extent suggested in the symmetric flux 

convergence. 
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3.2.3 Vortex Rossby Waves 

The AAM equation in flux convergence form has been traditionally used in the 

discussion of eddy impacts upon vortices. For example, Montgomery and Kallenbach (1997) 

discussed the impact of sheared vortex Rossby waves upon the symmetric vortex flow from this 

perspective.  In barotropic non-divergent flow where vorticity is materially conserved, the local 

change in symmetric angular momentum can be expressed: 

  

                                      
�  � = − 1 ��  ′ ′       = − ′ ′       .                                                                    (18) 

 

Thus, the azimuthal mean eddy radial flux of vorticity is directly related to the azimuthal mean 

radial AAM flux convergence, and causes local changes in the symmetric angular momentum of 

the vortex.  

In a two-dimensional non-divergent numerical simulation on an f-plane, Montgomery and 

Kallenbach (1997) observed outwardly propagating VRWs as a part of the axisymmetrization 

process. For symmetrizing, outward-propagating vorticity disturbances initiated near the RMW, 

the authors found an inward eddy momentum flux.  The mean flow change resulting from the 

convergence of this flux was one of spinup inside the RMW and spindown at or outside the 

RMW depending upon how far the VRW propagated in the radial direction.  It was noted that 

multiple episodes of such VRW generation could significantly alter the symmetric tangential 

wind structure and strength within the eyewall region.  

 Wang (2002b) used a full physics numerical model to investigate the AAM budget 

associated with eyewall VRWs. The author used the TCM3 model, described in Wang (1999) 

with 5-km resolution. At the time of the budget analysis, the central pressure was deepening; 

however, the maximum wind speed was at a maximum.  Thirty hours after the budget period the 

RMW had contracted to 30 km radius, and the maximum tangential wind speed was 80 ms-1.  

Overall, the symmetric vertical and radial velocity structures are similar between their study and 

our observationally-based study (see Wang 2002a Fig. 1a). Wang (2002a) showed a more 

vertically upright vertical velocity field that is approximately 1-1.5 ms-1 weaker than observed in 

Hurricane Guillermo, but in both studies the maximum vertical motion is located inward of the 

RMW.  In the radial velocity field, Wang (2002a) does not simulate the relative maximum in 
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outflow located directly above the boundary layer documented in the observations and in other 

hurricane numerical simulations.  

 The instantaneous angular momentum budget in Wang (2002b) was performed 62 hours 

and 15 minutes into the simulation, at which time vortex Rossby waves were observed. As the 

budget was performed on a Southern Hemisphere storm, negative (positive) values denote spinup 

(spindown). In regards to the symmetric flux convergence, their study showed a spinup below 

800 hPa with values exceeding -10 x 105 m2s-1h-1 (their Fig. 11a).  Spindown was observed at 

middle levels, with the largest values near 7.2 x 105 m2s-1h-1 at 400 hPa and 70 km radius.  

Spinup occurred in a layer at upper levels outside of 30 km radius. Although the symmetric 

spinup values were similar to those observed in Hurricane Guillermo, symmetric spinup occurred 

along the RMW throughout the column in the Doppler observations. The total eddy flux 

convergence in Wang (2002b) contributed to a spinup/spindown couplet (their Fig. 11b). The 

spinup (spindown) was maximized inside (outside) the RMW at 750 hPa (900 hPa) with values 

of approximately -1.8 x 105 m2s-1h-1 (2.2 x 105 m2s-1h-1). These values are of the same order of 

magnitude as those observed in the Doppler observations. At middle levels, eddy spinup 

dominated the layer while spindown was prominent above 400 hPa. This spinup/spindown 

couplet was seen in the observations on 2 August (Fig. 3.9b); however, it is shifted radially so 

that the spindown is co-located and inward of the RMW. This relationship is not clearly evident 

on 3 August (Fig. 3.10b). The spinup extending from lower to middle levels, and at upper levels 

inside the RWM was also observed on 2 August. Although the eddy flux convergence on 3 

August shows positive values inward of the RMW, the spinup was confined to the uppermost 

levels. This spinup (spindown) of AAM in the eye is directly related to an increase (decrease) in 

tangential velocity. Chen et al. (2003) also observed this eddy-forced decrease in tangential 

velocity in the eyewall region and increase both inside the eye and outside the eyewall due to 

VRWs.   

 VRWs were shown to be a dominant asymmetric flow feature in the inner core of the 

Wang simulation (Wang 2001, 2002a, b), identified by their dispersion characteristics. At the 

time the budget was performed, the asymmetric PV field showed the band spiraling outward 

from 20-40 km radius (Wang 2002b Fig. 10). The author argued that the spinup/spindown 

couplet in flux convergence observed near 30 km radius was directly related to the outward 

propagating VRW. Spinup (spindown) occurs inside (outside) the VRW axis. At low levels, this 
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VRW fluxes angular momentum into the eye (out of the eyewall), resulting in an increase 

(decrease) of tangential velocity there. Other studies have noted that this relationship may only 

hold for intensifying TCs (Chen et al. 2003).  

 VRWs are possibly depicted in REG08 Fig. 17 for 2 August and in Fig. 2.12 of this 

current study for 3 August. One example was identified by REG08 at 2117 UTC on 2 August. 

Such bands are more prominent on 2 August than on 3 August. One would expect to see a 

spinup/spindown couplet in the azimuthal mean eddy flux convergence field associated with the 

vorticity band shown at 2117 UTC on 2 August. Figure 3.13a shows the eddy flux convergence 

for this pass. The band extends radially from 35 km to 45 km. The well-defined signature shown 

by Wang (2002b) is not evident in the observations, although spindown is observed outward of 

40 km, only a weak spinup at low levels is observed. Wang (2002b) had a simpler asymmetric 

flow pattern since the numerical simulation was performed on an f-plane without any 

environmental flow. In the Doppler data, these two factors are an issue. The asymmetric flow, 

which includes both environmental and internal processes such as VRWs, is shown in the 

asymmetric vorticity plots (Fig. 2.12 and REG08 Fig. 17). At 1855 on 2 August, a positive band 

of vorticity located on the upshear side of Hurricane Guillermo at 25-30 km radius was 

embedded within outward asymmetric radial flow.  Based on (18), with positive radial vorticity 

flux this area should be associated with spindown. This is denoted in Fig. 3.13b as a decrease in 

symmetric AAM at the corresponding radius. At the same time, a band of vorticity was located at 

30-35 km radius in the downshear region. This band was embedded within asymmetric inflow, 

yielding a negative radial vorticity flux and spinup at this radius; this is also depicted at low 

levels in Fig. 3.13b. Overall, the eddy spinup/spindown tendency is driven by the radial flux of 

eddy vorticity by the “environmental” flow. Thus, the flux convergence signature of the VRW 

documented by Montgomery and Kallenbach (1997) and Wang (2002b) is masked. It may not be 

possible with the observations to discern a clear VRW signature in the eddy flux convergence 

without removing the environmental flow.  

 

3.2.4 Eye/Eyewall Mixing 

 The interaction of vortex Rossby waves with the symmetric flow is only one mechanism 

that can provide local changes in the symmetric AAM. Nonlinear mixing between the eye and 

eyewall plays a role in spinning up (down) the winds in the eye (eyewall) region (Schubert et al. 
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1999; Kossin and Schubert 2001; Rozoff et al. 2008). This mixing process begins with an 

initially unstable vortex. Figures 2.7 and 2.8 show an annular ring structure observed throughout 

the entire observation period on 3 August, satisfying the necessary condition for barotropic 

exponential instability (Schubert et al. 1999); similar figures for 2 August can be found in 

REG08 (their Figs. 10 and 15). A larger and narrower annular vorticity profile results in more 

stable mesovortices (Kossin and Schubert 2001; Braun and Wu 2007). Mesovortices were 

observed to rotate around the eyewall on both days of observations, denoted by isolated regions 

of anomalously high values of total relative vorticity (Figs. 3.14 and 3.15). On 2 August, a ring 

of higher vorticity values was seen during the majority of observation times. Between the first 

and last observation periods, vorticity increased by approximately 1 x 10-3 s-1. On 3 August, a 

clear annular profile of vorticity was observed, with some regions exhibiting values twice as 

large as those observed on 2 August. Mesovortices were embedded within this ring on 3 August; 

by the last observation compositing time, the area of lower values in the eye had become smaller 

in area and more elliptical. Rozoff et al. (2008) observed a similar structure in potential vorticity 

(their Fig. 3) in their forced annular experiments, with mesovortices rotating around the eye.  

The mesovortices are part of a mixing process where vorticity is mixed from the 

vorticity-rich eyewall into the eye (Kossin and Schubert 2001; Braun and Wu 2007).  The 

asymmetric flow associated with the observed mixing is denoted for each observation period on 

the corresponding asymmetric vorticity figure. For example, multiple mesovortices were 

observed to rotate around the eye at 2017 UTC on 3 August (Fig. 2.12). Asymmetric wind 

vectors indicate strong inflow into the eye on the southwestern side and weaker outflow in the 

eye on the northeastern and eastern side. As a result, the vorticity on the western side is advected 

into the eye by the radial inflow on the southern edge of the feature. On the northern edge of this 

feature, advection is moving vorticity outward, away from the eye and eyewall. 

This advection of vorticity into the eyewall by the asymmetric flow is characteristic of 

mixing events. The increased vorticity in the eye observed on 3 August was a result of mixing of 

vorticity from the eyewall into the eye. Mixing was also evident at 2117 UTC on 2 August as 

increased values of vorticity intruded into the eye. Denoted by an increase in palinstrophy (i.e., 

square of the vorticity gradient), mixing was observed by Rozoff et al. (2008) in association with 

the mesovortices present in their PV field. Mixing of vorticity into the eye was also indicated in 

an analysis of PV by Yau et al. (2004). As this mixing occurs, the vorticity profile tends towards 
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a monopole structure (Schubert et al. 1999; Kossin and Schubert 2001). This increase of vorticity 

in the eye was clearly observed on 2 August (REG08 Fig. 12) as the annular structure of vorticity 

observed in earlier periods weakened into a radially broader profile.  

The eddy spinup in the eye and spindown in the eyewall shown in Fig. 3.9b for 2 August 

is consistent with this mixing mechanism. Previous studies have also noted an increase and 

decrease of tangential velocity observed in the eye and eyewall region, respectively (Schubert et 

al. 1999; Reasor 2000; Kossin and Schubert 2001).  Rozoff et al. (2008), who observed a similar 

vorticity structure to that of Hurricane Guillermo, noted a decrease in maximum tangential 

velocity during times of increased palinstrophy. This same increase/decrease relationship was not 

clearly evident on 3 August, but may be attributed to the fact that the first (second) day of 

observations was during a period of intensification (slight weakening). One may not expect to 

observe a similar signature for all types of intensity changes.  

 

 

 

Figure 3.1 Time series of symmetric tangential velocity (ms-1) on 2 August at 3 km height for a 
point radially inward, at, and outward of the RMW, 26 km, 30 km, and 34 km, respectively. 
Regression lines for each point are denoted by the corresponding red line.  
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Figure 3.2 Same as Fig. 3.1 except for 3 August.  Points are located radially at 22 km, 26 km 
and 30 km (inward, at and outward of the RMW).  



 

71 
 

 

Figure 3.3 Time-averaged (a) radial advection, (b) vertical advection, (c) budget tendency and 
(d) observed tendency of AAM for 2 August. Contour intervals are ±2.5, ±5, ±10, ±20 x 105  
m2s-1h-1 for figures (a)-(c) and 0.1 x 105 m2s-1h-1 for figure (d). The magenta line indicates the 
RMW.  
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Figure 3.4 Same as Fig. 3.3, except for 3 August.  
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Figure 3.5 Time-averaged symmetric radial advection (a), symmetric vertical advection (b), 
eddy radial advection (c), eddy vertical advection (d) for AAM tendency for 2 August. Contours 
are 3 x 105 m2s-1h-1 for (a) and (b) and 1.0 x 105 m2s-1h-1 with an extra contour at 0.5 x 105      
m2s-1h-1 for (c) and (d). The magenta line indicates the RMW.  
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Figure 3.6 Same as Figure 3.5 except for 3 August.  
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Figure 3.7 Radial-height time-averaged advective form of the AAM equation is shown for (a) 
symmetric and (b) asymmetric advection for 2 August. Contours are 1 x 105 m2s-1h-1 in (a) and 
(b) with an extra 0.5 x 105 m2s-1h-1 contour added in (b). The magenta line indicates the RMW.  
 
 
 
 
 

 
Figure 3.8 Same as Fig. 3.7 except for 3 August.  
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Figure 3.9 Time-averaged AAM budget plot in flux convergence form showing (a) symmetric 
flux convergence (2 x 105 m2s-1h-1), (b) eddy flux convergence (±0.25, ±1, ±2, ±3, ±4,  and ±5,   
x 105 m2s-1h-1), (c) budget tendency (2 x 105 m2s-1h-1) and (d) observed AAM tendency (0.1 x 105 
m2s-1h-1) for 2 August. The magenta line indicates the RMW.  
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Figure 3.10 Same as Fig. 3.9 except for 3 August.  
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Figure 3.11 Time-averaged AAM flux convergence for 2 August depicting (a) symmetric radial 
flux convergence, (b) symmetric vertical flux convergence, (c) eddy radial flux convergence, and 
(d) eddy vertical flux convergence. Contour interval for (a) and (b) is 10 x 105 m2s-1h-1 with an 
extra contour at 5 x 105 m2s-1h-1 and for (c) and (d) is 1 x 105 m2s-1h-1 with an extra contour at 
0.25 x 105 m2s-1h-1.  The magenta line indicates the RMW.  
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Figure 3.12 Same as Fig. 3.11 except for 3 August.  
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Figure 3.13 Azimuthal mean radial eddy flux convergence on 2 August for (a) 2117 UTC and 
(b) 1855 UTC. Contours are 20 x 105 m2s-1. RMW is noted in magenta.  
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Figure 3.14 Total relative vorticity (shaded) and asymmetric wind vectors averaged over 1-3 km 
height for 2 August. The inner (outer) red ring denotes 20 km (40 km). Relative vorticity is 
contoured by 0.5 s-1 and only positive values are plotted.  
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Figure 3.14 (continued) 
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Figure 3.15 Same as Fig. 3.14 except for 3 August.  
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Figure 3.15 (continued) 
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CHAPTER 4 

 

MODEL-BASED ABSOLUTE ANGULAR MOMENTUM BUDGET 

 

 

 

 

 The Doppler-based AAM budget analysis of Chapter 3 showed that while quantitative 

agreement, and on 3 August even qualitative agreement, between observed and budget-estimated 

symmetric AAM tendencies did not occur, individual terms in the budget exhibited some 

consistency with prior numerically-based results (Zhang et al. 2001; Wang 2002b; Yang et al. 

2007). Foremost among these results is the non-negligible role played by eddies in symmetric 

AAM changes in Guillermo‟s eyewall.  In particular, eddy-forced spinup located radially inside 

spindown near the RMW is a consistent feature of many numerically-based budgets.  Physically 

these changes have been attributed to mixing between the eye and eyewall, as well as vortex 

Rossby wave dynamics.  The need exists for a numerically-based AAM budget analysis which 

more directly parallels the present Doppler-based analysis to isolate the primary sources of error 

in the Doppler-based budgets.  Thus, to better understand the disagreements between observed 

and budget estimated AAM tendency, and further elucidate the role of eddies in structure and 

intensity change, an AAM budget was performed using the Pennsylvania State University-

National Center for Atmospheric Research (PSU-NCAR) fifth generation non-hydrostatic 

Mesoscale Model (MM5).  

 

 

4.1 Simulation Overview 

 

 

 The MM5 simulation was performed with a horizontal inner-grid spacing of 2 km. 

Although data was output every five minutes, unless otherwise noted, budget analyses were 

performed with fifteen-minute output. The simulation was based upon conditions representative 

of Hurricane Floyd (1999) and began at 0600 UTC on 13 September.  The availability of the 

large-scale data used to initialize the coarser-grids of the model, the lack of trough interactions, 

and strong intensification found during the simulation were factors used in selecting this case. 

Because our focus here is not on direct simulation, but rather examination of basic internal 

dynamics, it was not deemed necessary to simulate Hurricane Guillermo‟s evolution.  In this 
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study, model data from 1440 UTC to 1710 UTC was used. During this time, the pressure 

decreased from 968 hPa to 961 hPa. The center of the storm was found through a three-step 

process since the minimum pressure may fall within a mesovortex, and thus not be representative 

of the vortex-scale pressure field. First, the absolute surface pressure minimum was found. Then, 

the surface pressure centroid was identified within a 400 km by 400 km box centered on the 

surface pressure minimum. Finally, a 48 km by 48 km box was defined centered on the pressure 

centroid.  The pressure variance within a thin annulus (with radius given by an initial-guess 

RMW) centered on each point within this domain was computed.  The point that minimized the 

pressure variance was chosen as the domain center for the cylindrical coordinate analysis.  

Estimated zonal and meridional storm motion of -6.7 ms-1 and 2.68 ms-1, respectively, was 

subtracted from the horizontal wind field. A weak southerly 850-200 hPa shear with a magnitude 

of approximately 2-3 ms-1 was calculated over a 400 km by 400 km domain centered on the 

storm.  The analysis to follow largely follows that presented for the Doppler observations, 

facilitating comparison of the results. 

 The deepening in pressure over the 2.5 hour period of the numerical simulation was 

reflected in the symmetric tangential velocity time series plot (Fig. 4.1). The tangential velocity 

at all three radii shown in Fig. 4.1 increased over the time period, with the largest tangential 

velocity increase observed at the radii inside of the RMW (~ 3 ms-1). The fluctuations from one 

time step to the next were minimal, and the largest standard deviation was 1.11 ms-1 for the radii 

located inward of the RMW. This standard deviation value is similar to that observed on 3 

August, and smaller than the value calculated for the Doppler data on 2 August. As discussed 

with the Hurricane Guillermo observations, it is imperative to have an overall trend in the 

velocity data with minimal deviations from this trend at each time step. The larger the 

fluctuations, the smaller the time step likely needed to correctly resolve these changes in the 

budget analysis.  

 The maximum vertical velocity values observed in the simulation were located in the left-

of-shear semicircle and front quadrant with respect to storm motion. These features were often 

co-located with asymmetric vorticity maxima, and both were observed to rotate around the storm 

center. The maximum vertical velocity was band-like in structure and was embedded within a 

larger band of vorticity observed to wrap around the storm inward of 60 km to the outer portions 

of the domain.  
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4.1.1 Symmetric Overview 

 Time-averaged symmetric tangential velocity (Fig. 4.2a) reveals a maximum value of 

55.4 ms-1 at 1 km height. The maximum tangential wind speed observed in the MM5 simulation 

is comparable to that on 2 August in Hurricane Guillermo and approximately 10 ms-1 weaker 

than observed on 3 August. The RMW slopes rapidly outward to 80 km (112 km) at 2 km (16 

km) height. An annular structure in relative vorticity was observed (Fig. 4.2b).  Maximum values 

of relative vorticity exceed 3 x 10-3 s-1 near 1 km height and are located radially inward of the 

RMW. Relative vorticity was larger in the observations, by a factor of two on 3 August. Fig. 4.2c 

depicts the outward sloping AAM surfaces above the boundary layer. Maximum values exceed 

60 x 105 m2s-1, and are located at the outermost radii. Near the RMW, values were approximately 

35 x 105 m2s-1, nearly double the values at the RMW observed in the Hurricane Guillermo data. 

This may be in part a factor of the larger RMW in the model simulation, since AAM depends on 

both radius and tangential velocity.  

 The RMW at 3 km height was nearly constant over the 2.5 hour period in the numerical 

simulation, and only moved radially inward by 2 km over the last half of the period (Fig. 4.3a). 

Coincident with the inward contraction of the RMW was an increase in tangential velocity to 

values greater than 45 ms-1. The observations on 2 August also showed maximum tangential 

velocity occurring at later times, but there were three local intensity maxima observed during the 

period. The corresponding Hovmöller diagram for relative vorticity depicts fluctuations over 

time (Fig. 4.3b). Local maxima in excess of 1.75 x 10-3 s-1 were observed inward of the RMW 

especially during the first half of the numerical simulation. This evolution is consistent with that 

observed in the Doppler data on 2 August, which depicted multiple relative maxima embedded 

within the annular ring of high vorticity. Values in the observations on 2 August (3 August) were 

a factor of two (three) larger than that calculated in the MM5 data. 

 Figure 4.4a depicts the maximum radial inflow (~ 25 ms-1) within the boundary layer and 

the maximum radial outflow (~10-15 ms-1) aloft between 13 and 14 km. Directly above the 

boundary layer, a relative outflow maximum was present. These features were also noted on both 

days of observations in Hurricane Guillermo. Similarly, a layer of inflow located in the midlevels 

was observed, consistent with the Doppler observations. Maximum inflow values in the MM5 

simulation were approximately double that observed in the Hurricane Guillermo dataset. The 
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large initial slope in the eyewall, discussed previously, is reflected in the vertical velocity at low 

levels (Fig. 4.4b). The axis of maximum vertical velocity values is located radially inward of the 

RMW. Two maxima are depicted in the vertical velocity field, with the largest values (~1.5-1.75 

ms-1) located at 6 km height. Two major differences exist between the Doppler observations and 

the numerical simulation vertical velocity values: the corresponding values observed in the 

Doppler observations are twice that of the MM5 data, and the maximum vertical velocity values 

were located at upper levels (~10-11 km) in the Doppler analysis.  

 Corresponding radial and vertical velocity data at 3 km and 6 km height, respectively, 

over the 2.5 hour numerical simulation period is shown in Figs. 4.5a and 4.5b. Both the 

maximum radial and vertical velocity are located radially inward of the tangential velocity 

maximum. Three relative maxima are shown in the radial velocity, with values exceeding 6 ms-1 

for the first two maxima (Fig. 4.5a). The Doppler data also showed multiple maxima in outward 

radial velocity just above the boundary layer near the RMW.  The magnitude of the MM5 

maximum radial wind, however, is more than double that observed in the Doppler data. In 

contrast, the maximum values of vertical velocity observed in the Doppler observations were 

approximately 1.5 times larger than the corresponding values in the MM5 data set. The vertical 

velocity maxima generally followed the radial velocity maxima in a manner similar to that 

reported in the Doppler analyses of Hurricane Guillermo. 

 

4.1.2 Asymmetric Overview 

 Figure 4.6 shows the asymmetric relative vorticity during the selected time period from 

the MM5 simulation. Thin bands of vorticity are evident at each time step, and rotate 

counterclockwise around the storm from the northeastern side at the beginning of the period to 

the southern side at the end of the period. The largest vorticity values are found between 1.25 

and 2.0 hours into the studied period. This vorticity structure is quite different from that 

documented in the Doppler observations, as the latter dataset was dominated by vorticity bands 

spiraling outward from the center (VRWs) and large-scale mesovortices. It also differed from 

previous high resolution numerical studies, such as Braun and Wu (2007), in which mesovortices 

were observed throughout their simulation. Strong mesovortices are not prominent in the present 

simulation, and except for the thin bands, only weak, quasi-circular features are observed. One of 

these weak vorticity features, denoted in Fig. 4.6 as „X‟ at 0 hours, can be tracked around the TC. 
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In approximately 1.75 hours, the feature moved through 180˚, resulting in an orbital period of 3.5 

hours. A parcel rotating around the center, located at a similar radius (50 km) with a wind speed 

of 25 ms-1, would rotate at a similar rate, indicating this feature showed little similarity to vortex 

Rossby waves which typically propagate intrinsically upwind.  

 The thin strips of low-level asymmetric vorticity rotating around the center are coupled 

with convection, consistent with Ekman pumping arguments. The most intense updrafts had 

magnitudes of approximately 6 ms-1. The relative location of the updrafts relative to the vorticity 

maximum has three variations: an updraft co-located with the vorticity maximum, the updraft 

located radially outward from the vorticity maximum, and the updraft trailing the vorticity 

maximum. The trailing updrafts also occur in the Doppler observations. Previous studies have 

shown updrafts to form where outflow on the trailing edge of cyclonic vorticity anomalies 

converges with environmental flow (e.g., Braun et al. 2006). The maximum vertical velocity was 

stronger in the simulation than the maximum observed in the Doppler data.  

 A wavenumber decomposition of vertical velocity and vorticity was performed for the 

time-averaged MM5 dataset (Fig. 4.7). Near the RMW, symmetric vertical velocity was the 

largest wavenumber component, although wavenumber 1 and 4 were similar in amplitude. 

Outside the RMW, asymmetries dominate the vertical velocity. A similar structure was observed 

in the Doppler observations on both days, with the symmetric component dominating at the 

RMW and asymmetries prominent at larger radii. The symmetric vorticity was annular in 

structure and peaked at 1.5 x 10-3 s-1, while the asymmetric components reached maximum 

amplitudes equal to one-third of the mean maximum vorticity. The low-wavenumber (n=1-4) 

components of vorticity played an almost equal role in their contribution to the total vorticity. 

Both symmetric and asymmetric vorticity peaked near 65 km in radius. The maximum values 

observed in the MM5 dataset differed from the Doppler observations. On both days in the 

Hurricane Guillermo dataset, the symmetric vorticity was an order of magnitude larger than the 

asymmetric components and the asymmetric components peaked on either side of the symmetric 

vorticity maximum.  

 Wavenumber 2 relative vorticity made significant contributions to the total vorticity at 30 

minutes and again at 85 minutes, with values exceeding 1 x 10-3 s-1 (Fig. 4.8). During the 

simulation, the relative vorticity maxima moved inward from 65 km at the first relative 

maximum to 60 km at the second relative maximum. The largest maximum in wavenumber 2 
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relative vorticity (1.25 hours) occurred simultaneously with a maximum in symmetric radial 

velocity. Additionally, a peak in vertical velocity occurred one 15-minute time step prior to the 

wavenumber 2 relative vorticity maximum. The maximum value observed in the numerical 

simulation is equivalent to that of the Doppler data. Both data sets exhibit oscillations in the 

strength of the wavenumber 2 component of relative vorticity. 

 
 

4.2 Budget Analysis 

 

 

4.2.1 AAM Budget in Advective Form 

Similar to the Doppler observations, the AAM tendency was calculated for the time-

averaged MM5 data. A simple transformation of (14) to sigma coordinates can be performed 

using  ��    = −   ∗ �� ( )      (19) 

 

assuming constant height sigma surfaces. Although this assumption is not always valid, it is in 

this study because the time period of interest is over open water where topography does not 

influence the height of the sigma surfaces.  Using this coordinate transformation, the AAM 

tendency equation becomes, 

 

 (20)
 

 

where p* is the difference between the surface reference pressure and the pressure at the top of 

the model, g is gravity, and Fr and D are friction and diffusion terms, respectively. In this study 

we focus on the above-boundary layer budget, and thus friction is neglected. Diffusion is not 

included in our budget, and its neglect will contribute to quantitative error in the budget.  As 

stated in Chapter 3, the LHS (RHS) of (20) is the observed (budget) AAM tendency. Terms on 

the RHS, from left to right, are symmetric radial advection, symmetric vertical advection, eddy 

radial advection, eddy vertical advection, friction, and diffusion.  

 The time averaged total radial and vertical advection terms are shown in Fig. 4.9. As seen 

in both the Doppler-based budget and previous numerically-based budgets (Zhang et al. 2001), 
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spindown (spinup) inside the RMW dominates the total radial (vertical) advection term. In 

addition, the maximum observed near 2 km height in the MM5 simulation was also seen in the 

Doppler analysis, although not fully resolved there due to the limited domain size. This 

maximum, however, was clearly shown by Zhang et al. (2001). The terms are the same order of 

magnitude as found in previous studies, and the vertical advection term is larger than the radial 

advection term, resulting in an overall positive total tendency in the eyewall region (Fig. 4.9c). 

The AAM budget tendency showed spinup inside the RMW through the lower to middle 

troposphere and within the 8-12 km height layer.   The AAM tendency based on the budget terms 

agreed qualitatively well with the observed tendency (Fig. 4.9d). While higher frequency 

features were present in the budget estimate, quantitatively, the observed and budget tendencies 

mostly agreed. Some of the difference can be attributed to the fact that diffusion and friction 

were not accounted for in the calculation. The largest difference observed between the observed 

and budget tendencies was the spindown near 50 km radius and 2 km height observed in the 

budget calculation. The corresponding observed tendency did not depict this spindown area, 

although it was reflected by a tongue of weaker positive values. The observed tendency from the 

MM5 simulation most closely resembled the observed tendency from the Doppler observations 

on 2 August; both depicted maximum spinup inside the RMW, with the largest values located at 

upper-levels. In addition, the higher values situated at upper-levels and at larger radii in the 

MM5 simulation were also observed in the Doppler-based budget with an increase in positive 

values at upper-levels near 50-60 km radius.  

 One motivation for the MM5 simulation was to determine whether 30-minute temporal 

sampling of the wind field in the hurricane eyewall region is adequate to perform a qualitatively 

and quantitatively accurate budget.  The same terms discussed above are shown in Fig. 4.10 

using output every 30 minutes. Comparison of the two budgets yields overall agreement; 

specifically, the terms remain the same order of magnitude. The major difference observed was a 

noisier field in the 30-minute data, as seen in the AAM budget tendency (Fig. 4.9c and 4.10c). 

As the temporal output frequency increased, the budget estimated tendency came into better 

agreement with the observed tendency. Thus, it seems reasonable that the differences between 

estimated and observed tendencies found in the Doppler-based AAM budget were not a result of 

the sampling frequency, but rather arose from sources of error related to the data itself. 
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  Since the total of the budget terms from the Doppler AAM analysis did not result in the 

correct observed AAM tendency, the components of the budget were examined to assess whether 

the individual components were meaningful. In the case of the MM5 budget, the sum of the 

contributions to AAM tendency was found to yield a close approximation to the observed 

tendency.  Thus, we have confidence in the accuracy of the individual contributions to the 

budget, and can relate these findings to those of the Doppler-based budget.  The four components 

of the numerically-based AAM budget are shown in Fig. 4.11. The basic structure of the 

symmetric radial (vertical) advection is similar to the total radial (vertical) advection. The 

symmetric vertical advection term is larger than the symmetric radial advection, consistent with 

both days of the Doppler-based AAM budget. The symmetric terms in the Doppler-based budget 

did, however, show more pronounced upper-level maxima than their MM5 counterparts.  This 

difference is likely a consequence of the differences in Doppler-observed and numerically-

simulated secondary circulations.  The maximum symmetric updraft in the MM5 simulation 

peaked near 5 km height, whereas the Doppler-derived symmetric updraft peaked near 10 km 

height.  The eddy terms played a role in both amplifying and countering the corresponding 

symmetric terms.  The eddy radial advection is dominated by spindown inside the RMW, and at 

the RMW at lower and upper-levels. Spinup was observed at middle levels from the RMW 

outwards. Although the spindown was observed on both days in the Doppler-based budget, the 

midlevel spinup was not evident; the spinup observed on 3 August outside the RMW was the 

most similar feature. The eddy radial advection in the MM5 budget also contributed to some 

low-level spinup radially inside the region of spindown.  It is unlikely that such a feature could 

be well-resolved in the Doppler analyses due to the lack of scatterers that far inside the RMW.  

The eddy vertical advection depicted spindown throughout most of the domain, with spinup 

inside the RMW at low to middle levels; this was quite different from the structure shown in the 

Doppler-based budget. Although spinup was observed at lower levels inside the RMW on 2 

August, the maximum was shifted upward from that observed in the MM5 budget.  As discussed 

above, differences may exist from storm to storm, and the structural differences in eddy 

advection may not reflect errors in the Doppler-based budget.  It is worth noting that both the 

MM5 budget and 2 August Doppler-based budget indicate that the eddy terms at low levels 

inside the RMW tend to reinforce their symmetric counterparts.   
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 These individual budget components can be summed into total symmetric and total eddy 

advection terms (Fig. 4.12). Within the domain comparable to that of the Doppler observations, 

symmetric advection caused spinup along the RMW through 11 km height and spindown inside 

the RMW at low levels. This is similar to the structure noted in the Doppler observations, 

although spindown was observed outside the RMW at upper levels. The total symmetric 

advective tendency in the MM5 budget is comparable to the observed tendency except at low 

levels.  The magnitude of the total symmetric advective tendency is too large in the Doppler 

based budget when compared to the observed tendency. Returning to the symmetric radial and 

vertical advection terms, the positive vertical advective tendency in the MM5 budget is only 

slightly larger than the negative radial advective tendency.  On both days the Doppler-based 

vertical advective tendency was much larger than the radial advective tendency.  Since the 

vertical velocity is less well represented in the Doppler analysis than the horizontal velocity, the 

source of error may lie with the vertical advection term.  Compared to the total symmetric 

advection in the MM5 simulation, the total eddy advection was of the same order of magnitude 

but opposite in sign.  Previous numerical studies have also found the eddies to counter changes 

due to symmetric processes in the eyewall region (e.g., Kurihara and Bender 1982; Wu and 

Braun 2004).  At low levels in particular where the eddy advective tendency is largest, eddy 

spinup is located radially inside a region of spindown along the RMW.  This spinup/spindown 

tendency couplet directly counters the symmetric tendency in this region. In the Doppler-based 

budget on 2 August a spinup/spindown couplet was also observed at low levels, but with 

noticeable structural differences from the numerically based result.  Again, caution is advised in 

direct comparison given the different vertical structures of the secondary circulation.  Previous 

studies have shown a spinup/spindown couplet at low levels similar to the couplet observed in 

the MM5 data (Yang et al. 2007). Throughout the domain the eddy advective tendency on 2 

August does show some indication of the counter relationship with the symmetric tendency, but 

given errors in the symmetric terms, it is difficult to conclusively demonstrate this.  

 

4.2.2 AAM Budget in Flux Convergence Form  

 To further investigate the role of the symmetric and asymmetric processes, the AAM 

tendency is written in flux convergence form, transformed from height to sigma coordinates, 
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��  = − 1 ��     − 1 ��  ′ ′       + ∗ ��     + ∗ ��  ′ ′       −          (21) 

 

where ɛ is a residual arising from local deviations of the mass continuity equation from its 

anelastic form. The anelastic mass continuity equation was used to form this equation, requiring 

assumptions about the equation used in the MM5 model. The local tendency of density was 

neglected and density was assumed to be a function of height only. The use of the anelastic mass 

continuity equation in deep, moist convective regions may be especially problematic. In order to 

obtain agreement between the observed and budget tendency, a correction was made by 

subtracting a term involving the mass continuity residual from the total flux convergence. It 

should be noted that the residual in the anelastic mass continuity equation is an order of 

magnitude smaller than either of the individual terms in the equation.  By accounting for the 

residual, the symmetric and eddy flux convergence totals (not shown) were exactly equal to the 

corresponding symmetric and eddy advective values (Fig. 4.12).  

 The terms can be further broken down into symmetric and eddy radial and vertical flux 

convergence components (Fig. 4.13). The structures observed in the symmetric radial and 

vertical flux convergence are most similar those on 2 August in the Doppler–based budget (Fig. 

3.11). The symmetric radial (vertical) flux convergence in both datasets showed a dominant 

region of spindown (spinup) inside the RMW, with a weaker area of spinup (spindown) along the 

RMW. Strict agreement in structure should not be expected given the different secondary 

circulations in the numerically-based and Doppler-based cases.  On 3 August, this structure was 

accompanied by a secondary maximum of spindown (spinup) outward of the RMW (Fig. 3.12) 

for the symmetric radial (vertical) flux convergence. The low-level eddy flux convergence terms 

in the MM5 budget both showed a positive tendency between approximately 50-70 km radius, 

and a negative tendency closer to the RMW.  The eddy flux convergence terms showed the 

closest agreement with the corresponding Doppler-based terms on 2 August. The net impact of 

eddies in the symmetric AAM budget should agree with that previously cited in the context of 

the advective form of the equation (i.e., spinup inside the RMW and spindown closer to the 

RMW).  

 In Chapter 3 and in previous studies, it was shown that a spinup/spindown signature can 

be caused by either mixing or VRWs, or both (Wang 2002b; Montgomery and Kallenbach 1997; 

Braun et al. 2006; Braun and Wu 2007). Mixing has been shown in association with the 
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development of mesovortices rotating around the center, shown in relative vorticity and potential 

vorticity diagrams in the Doppler data and previous studies (Braun et al. 2006; Braun and Wu 

2007; Yau et al. 2004). Figure 4.14 shows the total relative vorticity every fifteen minutes for the 

MM5 data. Clear mesovortices were not observed; instead, only a few weak circular vorticity 

features existed.  One such feature, denoted as „A‟ in Fig. 4.14, was tracked as it rotated around 

the storm, with a period of 3.5 hours. During this time, the initially circular feature grew 

increasingly elongated. Overall, the field was dominated by thin sheets of vorticity, with the 

strongest located on the western and southern side of the storm. These sheets rotated with a 

period of three hours. The asymmetric circulation associated with these vorticity bands was 

weaker than observed in mesovortices, indicating more localized mixing. With more localized 

mixing, one would expect the spinup of tangential velocity (or AAM) inside the eye and the 

spindown at the RMW to be less prominent compared to that observed in the Doppler data. 

 VRWs are another feature that have been shown in previous studies to produce spindown 

(spinup) outside (inside) the wave axis (Wang 2002b). In the Doppler observations, this 

signature was not clear; it was obscured by the interaction of the eddy vorticity with the 

environmental flow. A band of vorticity spiraling outward from approximately 60 km past 120 

km was evident in the MM5-based asymmetric vorticity (Fig. 4.6); a similar feature was 

observed by Wang (2002b) that resulted in a spinup/spindown couplet centered on the RMW. 

Two shorter bands of vorticity near 80 km radius, denoted by letters „B‟ and „C‟ in Fig. 4.6, are 

attached to the dominant banded feature 30 minutes into the time period. These shorter bands 

rotate with a period of 6 hours, while the period of a parcel being advected around at this same 

radius is 3.25 hours; this longer period is consistent with VRW propagation (Lamb 1932; 

Montgomery and Kallenbach 1997). One would expect to see spinup inside the VRW and 

spindown outside of it. Although some evidence for spinup (spindown) inside (outside) 80 km 

radius at 3 km height was evident, we presently cannot conclusively attribute the symmetric flow 

changes to VRW dynamics (Fig. 4.15).  
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Figure 4.1 Time series of tangential velocity based on azimuthally averaged data for 3 points, 
inside the RMW (80 km), at the RMW (88 km) and outside the RMW (96 km). Data is taken at 3 
km height.  
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Figure 4.2 Time-averaged symmetric plot of (a) tangential velocity, (b) relative vorticity, and (c) 
absolute angular momentum. Contour intervals are 5.0 ms-1, 0.25 x 10-3 s-1 and 5 x 105 m2s-1, 
respectively. 
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Figure 4.3 Time-radius symmetric plot of (a) tangential velocity and (b) relative vorticity at 3 
km height with contour intervals of 5.0 ms-1 and 0.25 x 10-3 s-1, respectively. Negative values are 
not contoured.  
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Figure 4.4 Time-averaged symmetric radial-height plot of (a) relative velocity and (b) vertical 
velocity with contour intervals of 5.0 ms-1 and 0.25 ms-1, respectively.  
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Figure 4.5 Time-radius plot of symmetric (a) radial velocity and (b) vertical velocity at 3km and 
6 km height, respectively. Contour intervals of 1.0 ms-1 in (a) and 0.25 ms-1 in (b).  
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Figure 4.6 Asymmetric relative vorticity (shaded), vertical velocity (contours), and horizontal 
winds for each fifteen minute time step at 3 km height. Contours are 2 ms-1 for vertical velocity. 
Domain size is 240 x 240 km. Only positive values of asymmetric vorticity and vertical velocity 
are shown. The inner (outer) red circle denotes 60 km (80 km) radius. Refer to the text for a 
description of the letters.  

X 
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Figure 4.6 (continued) 
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Figure 4.6 (continued) 
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Figure 4.7 Time-averaged wavenumber decomposition of (a) vertical velocity (6 km) and (b) 
vorticity (3km). The symmetric component is denoted by the heavy black line. 
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Figure 4.8 Radius-time diagram of azimuthally-averaged wavenumber 2 relative vorticity at 3 
km. Contours are 2 x 10-4 s-1. 
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Figure 4.9 Time-averaged (a) radial advection, (b) vertical advection, (c) budget tendency, and 
(d) observed tendency of AAM for the MM5 simulation. The calculations were performed using 
data that was output every 15-minutes. Contours are ±1, ±3, ±5, ±10, ±20, ±30, and ±40 x 105 
m2s-1h-1 in (a) and (b) and ±0.5, ±1.0, ±1.5, ±2.0, ±2.5, ±5, ±10, and ±20 x 105 m2s-1h-1. The 
RMW is denoted by the magenta line. The black box indicates a domain similar to the Doppler 
observations, with the outward radius equal to approximately two times the RMW.  
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Figure 4.10 Same as Fig. 4.9 except for data with an output time of thirty minutes.  
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Figure 4.11 Time averaged (a) symmetric radial advection, (b) symmetric vertical advection, (c) 
eddy radial advection and (d) eddy vertical advection of AAM for the MM5 simulation using 15-
minute output. Contours are ±2.5, ±5, ±7.5, ±10, ±20, ±30, ±40 x 105 m2s-1h-1 for (a) and (b) and 
±0.5, ±1, ±2, ±5,  and ±10 x 105 m2s-1h-1 for (c) and (d). The RMW is denoted by the magenta 
line. The black box indicates a domain similar to the Doppler observations, with the outward 
radius equal to approximately two times the RMW.  
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Figure 4.12 Time averaged (a) total symmetric advection and (b) total eddy advection of AAM 
from the MM5 simulation using 15-minute output. Contour intervals are ±1, ±3, ±5, and ±10 x 
105 m2s-1h-1. The RMW is denoted by the magenta line. The black box indicates a domain similar 
to the Doppler observations, with the outward radius equal to approximately two times the 
RMW.  
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Figure 4.13 Time-averaged (a) symmetric radial flux convergence, (b) symmetric vertical flux 
convergence, (c) eddy radial flux convergence and (d) eddy vertical flux convergence of AAM 
azimuthally averaged for the MM5 simulation using 15-minute output. Contours are ±5, ±10, 
±15, ±20, ±40, ±60, ±80, ±100, ±120, ±140 and ±160 x 105 m2s-1h-1 in (a) and (b) and ±0.5, ±1, 
±2, ±5, and ±10 x 105 m2s-1h-1 in (c) and (d). The RMW is denoted by the magenta line. The 
black box indicates a domain similar to the Doppler observations, with the outward radius equal 
to approximately two times the RMW.  
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Figure 4.14 Total relative vorticity (shaded) and asymmetric wind (vectors) at 3 km height 
plotted over a 240 km x 240 km domain. Red circles indicate 60 and 80 km radii. „A‟ denotes a 
feature that can be tracked to rotate around the TC.  
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Figure 4.14 (continued) 
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Figure 4.14 (continued)  
 
 
 

 
Figure 4.15 Eddy flux convergence of AAM at 30 minutes (time elapsed) in the MM5 
simulation. Contours are ±0.5, ±1, ±2, ±5, ±10 x 105 m2s-1h-1. The RMW is denoted by the 
magenta line. The black box indicates a domain similar to the Doppler observations, with the 
outward radius equal to approximately two times the RMW.  
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CONCLUSIONS 

 

 

 

 

A symmetric AAM budget analysis of Hurricane Guillermo (1997) which was observed 

by airborne Doppler radar has been performed.  This observationally based study of the eyewall 

region bridges the gap between early observationally based large-scale budget studies and 

numerically based mesoscale budget studies of the hurricane.  In particular, the issue of the 

relative importance of eddy transports in the evolution of symmetric AAM has been revisited.  

The large scale AAM budget studies generally found eddy transports to be important outside 600 

km radius, while symmetric process were dominant closer to the core (Pfeffer 1958; Palmén and 

Riehl 1957; Molinari and Vollaro 1989). More recent mesoscale-resolving numerical studies 

which confined their AAM budget analyses to the inner core showed that eddy transports can be 

important within the inner core (Zhang et al. 2001; Wang 2002b; Yang et al. 2007). Potential 

vorticity mixing and vortex axisymmetrization processes within the eyewall have both been cited 

as contributing to these eddy transports of AAM.  Generally, mixing promotes spinup within the 

eye and spindown within the eyewall (e.g., Schubert et al. 1999).  Vortex axisymmetrization 

through the projection of vorticity asymmetry onto spiral vortex Rossby waves tends to produce 

symmetric flow changes centered on the outward propagating waves with spinup radially inside 

and spindown radially outside (e.g., Montgomery and Kallenbach 1997).  Although some 

observational evidence for vortex Rossby waves and eye-eyewall mixing have been presented in 

the literature (e.g., Reasor et al. 2000; Corbosiero et al. 2006), their impact on structure and 

intensity change have not been documented with the level of detail typical of numerically based 

studies.  In this study we investigated both symmetric and eddy transports using a sequence of 

Doppler-derived wind composites during intensifying and weakening storm periods.  

Before the data was used to perform diagnostics and budget analyses, the quality of the 

observations was examined by comparing Doppler observations to filtered flight level data, 

where the latter dataset was considered truth. Differences were observed between these two 

datasets; the tangential velocity values were resolved better both structurally and statistically 

than the radial and vertical velocity. Doppler-derived data was most consistent with flight level 

data when compared directly to the radar analysis from the same aircraft. This is due in part to 

the fact that the time lag between the fore and aft measurements is near zero close to the flight 
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track.  The addition of a second aircraft increases the Doppler domain and minimizes some of the 

time lag issues associated with single aircraft FAST sampling at large distance. Other errors 

contributing to the difference between the Doppler and flight level observations were discussed, 

including attenuation, beam filling, fallspeed removal, interpolation from radar to Cartesian 

coordinates, and the anelastic mass continuity constraint used in the variational solution 

technique. These errors in the Doppler observations are unavoidable, and must be kept in mind 

when diagnostic and budget analyses are performed.  

An overview of Guillermo‟s wind structure and evolution revealed that despite the errors 

involved in wind retrieval from Doppler radar, the overall storm structure was still similar to that 

observed in previous modeling studies (e.g., Zhang et al. 2001). Maximum vertical velocity was 

located radially inward of the RMW. A low-level radial outflow jet was observed above the 

boundary layer inside the RMW, and the strongest radial outflow was observed at upper levels in 

the outflow layer. The eyewall structure on 2 August (REG08) showed an open eyewall region 

on the western side with higher reflectivity values wrapping around the eye, while on 3 August 

the eyewall reflectivity generally remained closed. The 7-9 ms-1 northerly shear observed on both 

days played a role in initiating convection in the downshear region. As vorticity anomalies, or 

mesovortices, rotated around the storm, they entered a region of enhanced low-level convergence 

downshear. Where asymmetric inflow from the environment collided with outflow induced by 

the mesovortices, episodes of deep convection were initiated. This forcing mechanism often 

resulted in updrafts trailing the mesovortices in the downshear-left quadrant of the storm. The 

convective initiation was consistent with that observed in numerical simulations by Braun et al. 

(2006) and Braun and Wu (2007). Through these results, it was determined that even subtle 

features such as the initiation of convection by pre-existing vorticity can be resolved in the 

Doppler observations despite the errors discussed earlier.  

Given that the three-dimensional eyewall structure of Hurricane Guillermo was resolved 

and found similar to previous numerical studies (e.g., Zhang et al. 2001), a symmetric AAM 

budget analysis was performed over the observation period on each day; however, the budget 

tendency did not agree with the observed tendency quantitatively on either 2 or 3 August. 

Qualitatively, the budget and observed tendencies showed some agreement on 2 August. The 

budget tendency is a small residual between two large terms, and thus each term must be 

estimated with high enough precision to resolve the residual, which may be an order of 
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magnitude smaller than either of the two terms.  The near-order of magnitude disagreement 

observed in this study likely resulted from a number of errors introduced through interpolation 

from radar to Cartesian coordinates, the anelastic mass continuity constraint, fallspeed removal, 

and attenuation. The 30-minute sampling frequency of the wind field as a source of significant 

error in the budget computation was ruled out through an AAM budget analysis of an MM5-

simulated hurricane. Although the sum of the terms did not agree in the Doppler-based budget, 

the individual components were consistent with those shown in previous studies (Zhang et al. 

2001; Wang 2002b; Yang et al. 2007). The sum of the symmetric terms suffered from the same 

issues found for the total budget; if either term had errors in structure or magnitude, the sum 

would be impacted and essentially rendered it meaningless. Since the vertical advection term 

involves vertical velocity, which is potentially affected by more errors than the other wind 

components (e.g., anelastic mass continuity constraint and fallspeed removal), it is likely that this 

term plays a large role in introducing errors into the budget. The eddy terms do not generally 

exhibit the same degree of cancellation as the symmetric terms; thus their sum may be more 

meaningful. The eddy contributions are significant within the inner core and cannot be neglected. 

Low-level eddy-forced spinup (spindown) inside (at) the RMW on 2 August was due in part to 

mixing of vorticity between the eye and eyewall, consistent with previous numerically based 

studies. This process took place through the development of mesovortices observed to rotate 

around the eyewall of the storm. Although the anticipated spindown at the RMW was seen on 3 

August, the spinup radially inward was not observed; either this spinup did not exist or it was not 

resolved in the Doppler analysis. Although spiral vorticity bands (or vortex Rossby waves) were 

observed radially outside of the eyewall region of Guillermo, the associated spinup/spindown 

signature reported by Wang (2002b) in a numerically simulated hurricane, and predicted by 

Montgomery and Kallenbach (1997), was not found.  Instead, the eddy-forced spinup and 

spindown was more closely related to eddy radial vorticity fluxes resulting from the interaction 

of the spiral vorticity bands with environmental flow relative to the moving storm.   

An MM5 simulation of a generic intensifying hurricane was originally performed to gain 

insight into the Doppler-based budget study; however, the simulated structure of the storm and 

the observed Hurricane Guillermo structure exhibited significant differences. The eyewall 

vorticity in the former dataset took the form of a vortex sheet, while mesovortices were dominant 

in the latter dataset. Additionally, the simulated symmetric vertical velocity field showed a peak 
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updraft at 5 km height, whereas the Doppler analysis showed peak updrafts closer to 10 km 

height.  Finally, Guillermo was embedded within 7-9 ms-1 vertical shear flow over 10 km depth, 

and the simulated storm only encountered weak shear of 2-3 ms-1, leading to different convective 

evolution within the eyewall.  Nevertheless, the numerically based budget showed a 

spinup/spindown tendency due to eddy transports resembling that in the observation-based 

budget on 2 August.  This tendency appeared to be related to localized mixing in association 

with the vortex sheet, but a more detailed analysis is required to conclusively determine the 

mechanisms responsible for the eddy transports. Also noted in the simulated eyewall was a spiral 

vorticity band extending from inside the RMW outward to larger radii. This structure may also 

have contributed to the pattern of eddy-forced spinup and spindown in the eyewall region.   

Although the structure in the numerical simulation was different than that observed in the 

Doppler data, a few conclusions can be made. Most importantly, it was shown that it is possible 

to obtain close agreement between the budget and observed AAM tendencies with 30-minute 

temporal output. The numerically based AAM budget also helped identify terms in the observed 

budget that are most likely in error.  For example, both the symmetric radial and vertical 

advection terms show pronounced secondary maxima at low levels within the eyewall of the 

MM5-simulated storm.  The observation-based budgets on 2 and 3 August show some indication 

of this feature in the radial advection, but not the vertical advection.  The peak vertical 

symmetric advection also appears much greater than the peak radial advection in the 

observation-based budget in contrast to the more closely related values in the numerically based 

budget. This may indicate that the errors are larger in the vertical budget terms. This seems 

reasonable since the vertical term is sensitive to the anelastic mass continuity constraint and is 

also affected by fallspeed removal and attenuation.  

It is difficult to determine which sources of error are affecting the Doppler analysis at any 

given location. To further explore these errors, a synthetic experiment is needed where known 

model results are sampled by radar, and the typical interpolation and synthesis procedures are 

performed. This would allow investigation of the effects of the interpolation from radar to 

Cartesian coordinates and the impact of the mass continuity constraint. Other errors, including 

fallspeed removal and attenuation, can be addressed in a similar manner as well.  

In regards to improving the Doppler analysis, the time lag issue is one error that can be 

addressed in future analyses.  Currently, the two FAST and one track normal Doppler 
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measurements are weighted equally, regardless of the time lag. To minimize time lag issues, 

there is a need to weight the observations based on the measurement time. For example, near the 

FAST scanning aircraft the fore and aft measurements are almost simultaneous, but track normal 

scanning data can be offset in time by as much as nine minutes at the outer portion of the 

domain. In this case, only the two fore/aft measurements should be used.  In other locations the 

minimum time difference may be between a fore (or aft) measurement and a track normal 

scanning measurement; thus, to reduce time lag errors, the synthesis program should use the two 

observations that minimize the time between measurements and weight the third measurement so 

its contribution is minimized.  

In addition to a synthetic experiment and attempting to improve the Doppler data, it 

would be interesting to compare the current Doppler analysis with another MM5 model 

simulation that is more similar to the observations, specifically one with pronounced mesovortex 

features and larger vertical wind shear. Additionally, a model simulation could be used to further 

investigate the effects of the environmental flow on the eddy AAM budget. The role of eddies 

also needs to be investigated further in intensifying, steady state, and weakening storms.  
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APPENDIX 

 

 

 

 

 Before the MM5 numerical simulation was performed, an experiment was carried out 

using the non-hydrostatic CM1 (version 9) cloud-resolving model (Bryan and Fritsch 2002), to 

test if agreement was possible between AAM budget and observed tendency in a model. The 

model output is on an Arakawa C grid (Arakawa and Lamb 1977); the usefulness of this 

staggering will be elucidated when calculating derivatives. The model was run with a 15-second 

time step out to 20 hours with model data output every 30 minutes. Grid spacing was 10 km and 

2 km in the horizontal and vertical, respectively. The idealized tropical cyclone was based off of 

Hodur (1997). A Smagorinsky turbulence scheme was used, along with second-order diffusion 

with a diffusion coefficient of 1000 m2s-1. The initial tangential wind profile, with a maximum 

value of 20 ms-1, was based on Jones (1995) so that the winds go to zero at larger radii and the 

vorticity profile decays smoothly to zero.  

 AAM budgets were performed to investigate three main issues: calculation on different 

grids, averaging of data over a grid cell, and the distance over which derivatives are calculated. 

The budget equations were in polar coordinates and based on the flux convergence form of the 

AAM tendency equation used for the Doppler observations (17). The equation used to calculate 

flux convergence on the Cartesian grid was, 

 �� = − ��   − ��   − ��   + +     (22) 

 

where u, v, and w are the zonal, meridional, and vertical wind, respectively, and M is angular 

momentum and F and D are friction and diffusion terms, respectively.  Note that diffusion is not 

included in the budget calculation; friction was accounted for in the budget by,  

 −  2( )∆        (23) 

 

where CD is the drag coefficient (1.0 X 10-3+ 4.0 X 10-5(  )), r is radius,   is azimuthally 

averaged tangential velocity, and z is height.  
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 The purpose of the first experiment was to quantify the differences between calculating 

the budget on a cylindrical grid versus a Cartesian grid. Figure A.1 shows the budget and 

observed symmetric AAM tendency from the cylindrical grid. To construct this plot, the wind 

data was first interpolated to cylindrical coordinates from the original stagger. The flux was 

calculated at each point, and radial derivatives were calculated over a distance ∆ . Figure A.2 

was constructed by calculating flux convergence first on a Cartesian grid over a distance of ∆ . 

Once this value was computed, it was then interpolated to a cylindrical coordinate system. The 

observed tendency in both figures is the same, which is to be expected since this was calculated 

via simple subtraction. The budget tendency is also the same, indicating that the flux 

convergence budget yields equivalent results whether it is calculated in Cartesian or cylindrical 

coordinates. For the remainder of the discussion, flux convergence is calculated on a cylindrical 

grid.  

 The goal of the second experiment was to determine the effect of averaging wind data 

before performing the flux convergence calculation; this was an issue due to staggering of the 

output data. The basic horizontal output grid is depicted in Fig. A.3. In the horizontal, u and v are 

output at different locations, and in the vertical, w is output at the grid cell center at full vertical 

levels while the horizontal wind components are on half-levels. In Fig. A.1, the data was directly 

interpolated to a cylindrical coordinate system, whereas in Fig. A.4, the horizontal wind data was 

first averaged to the grid cell center and vertical velocity is averaged to the half vertical levels so 

that all wind data is at the same location prior to interpolation. The method in which wind data is 

averaged to the grid cell center yields nearly identical results; the one difference to note is the 

secondary maximum observed in Fig. A.1 was not captured in Fig. A.4. Overall, either method 

will provide similar results; however, some details and features are lost when the original wind 

stagger is not preserved.  

 The final experiment yielded the most important results. The same calculations 

performed for Fig. A.4, where the derivative was computed over ∆ , were performed for Fig. 

A.5, with the derivatives evaluated over a distance of 2∆ .  As seen in Fig. A.5, the resulting 

budget tendency does not agree with the observed tendency.  In fact, the observed tendency only 

showed spindown, while the budget tendency denoted two areas of spinup. Calculating the 

derivatives over a smaller spatial interval resulted in better agreement between the observed and 
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budget tendencies; thus it is imperative that the derivatives be performed over the smallest 

possible grid spacing consistent with the model numerics.   

 

 

Figure A.1 Time-averaged AAM (a) budget and (b) observed tendency based on interpolation to 
polar coordinates first. The derivatives are taken over a distance of ∆ . Contours are 10 kg m-1s-

1vol-1. 
 
 
 
 
 
 

 
Figure A.2 Time-averaged AAM (a) budget and (b) observed tendency calculated on a Cartesian 
grid and then interpolated to polar coordinates. The derivatives are taken over a distance of ∆ . 
Contours are 10 kg m-1s-1vol-1. 
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Figure A.3 Horizontal stagger of the Arakawa C grid. Zonal flow is denoted by green circles 
while meridional flow is shown by blue circles.  
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Figure A.4 Time-averaged AAM (a) budget and (b) observed tendency. Data is first averaged to 
the grid cell center. Next, the values are interpolated to polar coordinates. The derivatives are 
taken over a distance of ∆ . Contours are 10 kg m-1s-1vol-1. 
 
 
 
 
 

 
Figure A.5 As in Fig. A.4, except derivatives were calculated over a distance of 2∆ . 
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