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ABSTRACT

Potential vorticity (PV) diagnostics are applied to evaluate the control by the large-scale environment of
hurricane movement and, more importantly, to assess the storm's influence on its own track. As a first application
of these diagnostics, an observational case study of Hurricane Bob (1991) is presented using the twice-daily
National Meteorological Center Northern Hemisphere final analyses gridded datasets. Defining the seasonal
climatology as the mean reference state, piecewise potential vorticity inversions are performed under the non-
linear balance condition. This allows one to determine the balanced flows associated with any individual per-
turbation of PV. By examining the balanced flows at the central position of the hurricane, one can identify the
influence of each PV perturbation on hurricane movement. The hurricane advection flow is also defined as the
balanced flow at the storm center associated with the whole PV distribution, excluding the positive PV anomaly
of the hurricane itself.

The results from the observational study of Bob show that the hurricane advection flow is a good approxi-
mation to the real storm motion. The results also show that the balanced flows associated with the climatological
mean PV and perturbation PV distribution in both the lower and upper troposphere are both important in
contributing to Bob’s movement. However, it is difficult to separate PV anomalies directly or indirectly attrib-
utable to the storm from ambient PV anomalies. Results from other cases will be presented in a companion
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paper.

1. Introduction

Most previous studies of tropical cyclone motion
have considered steering by the mean flow (e.g., Chan
and Gray 1982) and the effect of uniform background
potential vorticity gradients, that is, the evolution of
barotropic vortices in a barotropic flow (e.g., Fiorino
and Elsberry 1989). However, Wu and Emanuel [1993
(hereafter WEM), 1994], Shapiro (1992), and Flatau
et al. (1994) have shown that the propagation of a baro-
clinic hurricane, embedded in a nonuniform back-
ground potential vorticity gradient, could be different
from the traditional expectation, based on the so-called
p effect (e.g., Chan and Williams 1987). WEM de-
signed an idealized numerical model to explore the ef-
fect of background vertical shear on tropical cyclone
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motion. Based on the theory of slantwise moist con-
vection and output from detailed numerical simulations
(Rotunno and Emanuel 1987), WEM suggested that
hurricanes may be considered as local sources of nearly
zero potential vorticity (PV) air in the upper tropo-
sphere. Specifically, they showed that in the absence of
background PV gradients, Northern (Southern) Hemi-
sphere tropical cyclones should drift relative to the
mean flow in a direction to the left (right) of the back-
ground vertical shear because of the flow associated
with the upper negative PV anomaly, which is dis-
placed downshear from the center of the surface cy-
clone.

In this work, we apply potential vorticity (PV) di-
agnostics in an attempt to understand hurricane steer-
ing. We undertake three case studies involving Hurri-
cane Bob (1991), Tropical Storm Ana (1991), and
Hurricane Andrew (1992). Piecewise potential vortic-
ity inversions are performed under nonlinear balance
conditions. This allows one to determine the balanced
flow associated with individual PV perturbations. By

~examining the balanced flow near the central position

of a hurricane, one can quantitatively study how each
PV anomaly contributes to hurricane motion and how
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well storm-generated PV anomalies affect storm mo-
tion. The main objectives of this study are as follows:

1) to understand how a hurricane may influence its
evolution by creating PV anomalies in the environment
(such as the through the § effect and by generating
upper-level negative PV anomalies) that in turn affect
hurricane motion,

2) to provide a better definition of hurricane advec-
tion (steering) flow, and

3) to quantitatively understand how individual syn-
optic or larger-scale weather systems influence hurri-
cane motion.

This work is divided into two consecutive papers.
This first paper provides a review of the subject and
specifies the questions we wish to address. A case study
of Bob is also presented. The second paper (Wu and
Emanuel 1995) presents the results from two other case
studies (Tropical Storm Ana of 1991 and Hurricane
Andrew of 1992) and summarizes this work.

This paper is organized as follows. In section 2, the
literature and background related to this work are re-
viewed. The methodology of this study is discussed in
section 3. The results from the case study of Bob are
presented in section 4. Finally, section 5 summarizes
this paper.

2. Background
a. Hurricane movement

The steering concept is based on the assumption that
tropical cyclones are isolated vorticity anomalies em-
bedded in a background environment of larger-scale
flow and thus move with a so-called ‘‘steering’’ flow,
generally taken to be a pressure-weighted vertical av-
erage of the horizontal flow in the troposphere sur-

rounding the hurricane (e.g., Chan and Gray 1982).

The pressure level at which the speed and direction of
the surrounding winds best correlate with the track of
the storms is generally referred to as the steering level.
_ Ithas been shown (Neumann 1979) that such a steering
flow can account for about 80% of the variability in
24-h tropical cyclone motion in the Atlantic.

Because the cyclone itself is part of the large-scale
flow, which varies with altitude, defining an appropri-
ate steering current is difficult. In fact, there is no
unique way to determine the steering flow. Uncertainty
in the hurricane-steering relationship may arise not
only from the inaccuracies inherent in determining the
initial fields over the data-sparse oceanic regions but
also from the ambiguous definition of the steering flow.
It is not clear which level represents the best steering
level, what is the best definition of the annular average
(the azimuthal average flow surrounding hurricanes),
and how definitions of steering flow should differ
among tropical cyclones having differing characteris-
tics, including storm intensity, size, location, track di-
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rections, and track displacements. Even so, many stud-
ies have shown that the basic current in the middle
tropospheric or a deeper layer mean flow may represent
the hurricane steering flow (Jordan 1952; Miller 1958;
Miller and Moore 1960; George and Gray 1976; Neu-
mann 1979; Brand et al. 1981; Chan and Gray 1982;
Chan 1985; Dong and Neumann 1986).

Jordan was one of the pioneers in employing real
data to test the steering concept. He showed that, on
average, tropical storms move in the direction and with
the speed of a steering current defined as the pressure-
weighted mean flow from the surface to 300 mb, ex-
tending over an 8° latitude band centered on the storm.
Miller and Moore used a grid system to compute the
geostrophic components around tropical cyclones at the
700-, 500-, and 300-mb levels. They found that the
700- and 500-mb flows appear to be equally good in
predicting the subsequent 24-h hurricane motion.
George and Gray composited 10 years of rawinsonde
data from 30 stations in the western North Pacific. They
showed that tropical cyclone motion is well correlated
with the surrounding lower troposphere flow fields av-
eraged over a 1°-7° radial band. They also found that
this general correlation of flow features applies equally
well for different types of storms.

There do appear 1o be systematic deflection of hur-
ricane motion from steering flows defined in this way,
however, and there are inconsistencies in the assess-
ment of such deflections. For example, Miller (1958)
found that most tropical storms move to the right of the
steering flows, whereas George and Gray’s results
show that for western North Pacific storms there is a
leftward deviation from the middle-tropospheric mean
flow. Also, Brand et al. found that most western North
Pacific storms move to the left of the 500-mb flow at
middle and higher latitudes but to the right at lower
latitudes. Dong and Neumann suggested that these con-
tradictions may be due to an improper stratification of
cases.

A thorough composite observational study by Chan
and Gray also supports the steering concept, though a
systematic directional deviation between what they de-
fine as the steering flow and storm motion was gener-
ally found. Chan and Gray show that the middle-tro-
pospheric (500—700 mb) 5°—7° latitude-radius annular
average wind has the best correlation with the cyclone
motion. They found that tropical cyclones in the
Northern Hemisphere move about 10°-20° to the left
of this steering flow and those in the Southern Hemi-
sphere move about 10° to the right. They also found
that tropical cyclones, in general, move about 1 m s
faster than the steering flow. Smith et al. (1990) and
Ulrich and Smith (1991 ) have used a barotropic model
simulation to assess the applicability of the annular av-
erage flow in defining an appropriate environmental
current. They found that the vortex motion generally
agrees very well with the flow calculated in the inner
circular domain (e.g., of radius 1° latitude) but is less
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accurate when using an outer average (e.g., 3°-5°
or 5°=7°).

Dong and Neumann demonstrated that there is con-
siderable uncertainty about which layer or level deter-
mines the steering flow. They suggested that a mini-
mum forecast error would be realized by using the
middle-tropospheric levels or a deep-layer average in
statistical prediction schemes, while the height of the
best steering level or the depth of the best deep-layer
steering increases in proportion to hurricane intensity.
Similar results were found by Velden and Leslie
(1991) in their study of cyclones in the Australian re-
gion.

An individual case study of Hurricane Josephine
(1984) was conducted by Franklin (1990). He em-
ployed wind information measured from Omega drop-
windsondes during the ‘‘synoptic flow’’ experiments
by the Hurricane Research Center. He showed that Hur-
ricane Josephine generally moved in the direction of
the 700-mb flow and with the speed of approximately
the 500-mb flow. However, he pointed out that the 5°—
7° band average wind indicates a large vertical wind
shear, and he demonstrated that in an environment with
a mean vertical shear, the predicted movement of the
storm was very sensitive to assumptions about the al-
titude at which the steering flow is defined.

By using the NMC T80 global analysis and the out-
put from the Geophysical Fluid Dynamics Laboratory
hurricane model, Kurihara et al. (1990) has shown that
the vertically integrated large-scale flow field, with the
disturbance (hurricane vortex ) field removed by the ap-
plication of a spatial smoothing operator, is a good ap-
proximation to the actual hurricane track. Recent ob-
servational studies (Roux and Marks 1991; Marks et
al. 1992) have employed airborne Doppler radar data
to construct the three-dimensional wind field near the
inner core of Hurricanes Hugo (1989) and Norbert
(1984). They found that the motion of each storm is
close to the flow averaged over some small domain near
the center and that the vortex motion generally agrees
very well with the flow calculated in the inner circular
domain (e.g., of radius 1° latitude). These findings re-
flect the original concept of steering flow, which re-
gards the hurricane as a point vortex that it is advected
by the mean environmental flow at its center. It should
be mentioned that the reason why many studies have
used an annular average to represent the hurricane
steering flow is because of the paucity of meteorolog-
ical observations in and around hurricanes. The band
average is purely an empirical attempt to approximate
the hurricane advection flow.

At any instant in time, hurricane motion is dominated
by the vertically averaged instantaneous flow through
its center. [ As indicated by Roux and Marks (1991),
each storm’s motion is close to its depth-averaged wind
velocity in the inner core region.] The relative motion
of the hurricane with respect to the steering flow de-
pends exactly upon how the latter is defined. As indi-
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cated in Smith and Ulrich (1993), it is possible that an
inappropriate representation of the steering flow or the
environmental flow across vortex center could result in
a spurious inference of hurricane movement. The
‘‘propagation’” effects detected from observational
studies (e.g., Carr and Elsberry 1990; Franklin 1990)
are with respect to a fairly large-scale average flow, not
the instantaneous flow through the storm center. The
differences among some barotropic models (e.g., Chan
and Williams 1987; Fiorino and Elsberry 1989) may
be interpreted as the differences in the way these mod-
els perturb the environmental (potential) vorticity
fields in such a way as to change the mean flow through
the storm center. For example, the “‘3 effect’’ describes
a process in which a hurricane vortex embedded in a
background planetary vorticity gradient induces dipole
vorticity gyres that change the steering (advection) of
the vortex. The word ‘‘propagation’’ only has meaning
with respect to large-scale average flows.

b. Potential vorticity diagnostics

The diagnostic use of potential vorticity has been
reviewed by Hoskins et al. (1985). Ertel’s potential
vorticity is defined as

_$.

P

where Q represents PV, p is the density, & is the ab-
solute vorticity vector, and 6 is the potential tempera-

ture. There are three significant properties of PV that
make it a particularly useful diagnostic quantity:

Ve,

1) the conservation principle, which states that PV
is conserved following adiabatic and frictionless mo-
tion;

2) the invertibility principle, which states that given
a distribution of PV, a prescribed balance condition,
and boundary conditions, balanced mass and wind
fields can be recovered; and

3) the superposition principle, which states that
when two PV anomalies of the same (opposite) sign
are brought closer to each other, the mass-integrated
total perturbation energy will increase (decrease).

From the invertibility relation, all of the dynamic
information can be recovered from a single field, PV,
given an appropriate balance condition. Consequently,
the dynamics in a fluid system is succinctly contained
in the PV field evolution. Since the atmosphere is gen-
erally observed to contain various features with sig-
natures in the PV field, the quasi-conservation property
of PV allows one to easily identify the movement and
change in shape and structure of these features.

Davis and Emanuel (1991) applied potential vortic-
ity diagnostics to the analysis of extratropical cyclo-
genesis. They inverted PV using a nonlinear balance
condition. Moreover, they derived a method for per-
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forming a piecewise PV inversion under a nonlinear
balance condition. One important feature of their piece-
wise inversion scheme is that the geopotential pertur-
bations associated with each PV anomaly are linearly
superposable. In other words, the summation of the bal-
anced geopotential fields associated with each individ-
ual PV perturbation is the total geopotential balanced
field. In this way, they were able to demonstrate how
specific parts of the PV anomaly distribution interact
with one another, in an attempt to gain a clearer and
more coherent picture of the development of cyclones.
Their methodology has been adopted in this study.

Potential vorticity methods have proven useful in un-
derstanding synoptic- and large-scale midlatitude dy-
namics and are becoming more widely applied to trop-
ical motion systems. Molinari (1993) showed that the
intensity change of Hurricane Helen (1980) can be re-
lated to the evolution of an upper-tropospheric PV
anomaly. Reilly (1992) conducted an observational
case study and found that supertropospheric PV advec-
tion plays an important role in tropical cyclogenesis.
Montgomery and Farrell (1993) also investigated the
influence of upper-level potential vorticity disturbances
on tropical cyclone formation within the context of two
simple nonlinear balance models that incorporate moist
processes. Their results agree with the indication from
observations that the early stages of tropical cyclogen-
esis are essentially a slow manifold phenomenon and
thus can be regarded as a balanced response to slowly
interacting upper- and lower-level PV fields.

Our approach presumes that hurricane motion is also
closely connected to the interaction of the hurricane
with its environmental PV fields and may be better un-
derstood in the context of quasi-balanced dynamics.

¢. Potential vorticity view of the hurricane advection

flow

Smith and Ulrich (1993) have shown that hurricane
motion in a barotropic background flow can be re-
garded as a barotropic process, in which the vortex is
simply advected by the environmental flow across the
vortex core. Within a three-dimensional perspective,
the hurricane appears as a strong and localized positive
PV anomaly in the lower and middle troposphere. Since
this PV patch is so localized, it may be approximated
as a “‘point vortex’’ in the sense that the flow due to
all other PV anomalies varies little over the scale of the
vortex patch. From this point of view, the movement
of a hurricane should be dominated by some vertical
integral of the instantaneous flow through its center.
This argument has been made in the aforementioned
observational studies (Roux and Marks 1991; Marks et
al. 1992). To distinguish the instantaneous local flow
through the hurricane center from large-scale average
flows, we shall refer to the local, instantaneous flow
through the hurricane center as the hurricane advection

flow.
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In reality, it is difficult to accurately derive the ad-
vection flow in the center of a hurricane partly because
of the insufficient observations in the storm region, be-
cause the advection flow may vary with altitude, and
because the component of the wind through the storm
center can be masked by the strong azimuthal winds
surrounding the hurricane. For example, there can be
large uncertainty in estimating the advection flow when
the observational data cannot accurately locate the hur-
ricane center. To avoid these problems, researchers
have tended to construct an annular and tropospheric
mean flow to average out the azimuthal winds and thus
find the steering flow, and it has been shown by Chan
and Gray (1982) that the middle-tropospheric (500-
700 mb) 5°-7° latitude-radius average wind has the
best correlation with the cyclone motion. Though there
is generally good agreement between this mean flow
and hurricane motion, this estimate of steering flow is
susceptible to large errors arising from the paucity of
data.

Though hurricanes are distinct isolated vortices, they
are embedded within background flows that have arich
and variable structure. The environment has a signifi-
cant influence on the vortex motion. For example, as a
hurricane moves, it interacts with large-scale circula-
tions and adjacent synoptic-scale systems (typical ex-
amples are the subtropical high over the ocean and mid-
latitude upper-tropospheric waves). Thus, the orienta-
tion and strength of the hurricane steering current
changes in response to the normal propagation and de-
velopment of large-scale pressure ridges and troughs in
the atmosphere. It is important to understand how in-
dividual synoptic or large-scale features interact with
the storm track. Since the nonlinear balance condition
is a good approximation for synoptic and large-scale
flows in the Tropics (Haltiner and Williams 1980), the
PV approach provides a convenient basis for diagnos-
ing how synoptic and large-scale dynamical systems
interact with hurricanes. By performing piecewise po-
tential vorticity inversions under nonlinear balance
conditions, we can determine the balanced flow asso-
ciated with individual PV perturbations, including
those induced by the storm itself. Then, by examining
the components of the balanced flow at the hurricane
center, we can identify how each PV anomaly influ-
ences hurricane movement.

3. Methodology
a. Data

The data used are taken from the final global anal-
yses of the National Meteorological Center (NMC) ar-
chived on a 2.5 X 2.5 latitude—longitude grid. Geo-
potential height, temperature, and horizontal winds are
available at 0000 and 1200 UTC on 10 mandatory iso-
baric surfaces. The tracks and intensities of the hurri-
canes in this study are taken from the National Hurri-
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cane Center (NHC) postseason analyses for both the
1991 and 1992 seasons (1991 and 1992 Hurricane Pre-
liminary Reports). The domain we use extends from
2.5° to 62.5°N and from 120° to 30°W. The GEMPAK
package is used for analysis and for plotting.

The primary data source of NMC analyses (Dey
1989) is the conventional surface and upper-air net-
work (including radiosondes), with supplementary
data supplied by pilot balloons, cloud-track winds, air-
craft reports, and remotely sensed temperature sound-
ings. Using a spectral statistical interpolation technique
(optimal interpolation before 1991), raw observations
are used to correct the first-guess fields provided by a
6-h forecast from the NMC global spectral model
(Kanamitsu 1989; Kanamitsu et al. 1991) initialized
using the previous analysis. Therefore, although NMC
analyses cannot resolve all the small-scale features,
such as the detailed structure of hurricanes, they pre-
sumably can represent with some accuracy synoptic-
and large-scale features that can be resolved by infor-
mation in the database and should also be able to retain
these features for some time even after adequate reso-
lution by observations has been lost. Although there
are uncertainties in the NMC analysis of divergence
over the tropical region (Trenberth and Olson 1988),
our study primarily focuses on the balanced part of the
flow field.

It should be kept in mind that smaller-scale distur-
bances originating over data-sparse areas may not be
captured by the NMC analyses. For example, an upper-
level PV anomaly diabatically generated by a hurricane
may not be well represented. Also, the hurricane itself
is too small in scale to be represented adequately, and
its location may be in error.

b. Potential vorticity diagnostics
1) TotaL PV INVERSION

Davis and Emanuel’s (1991, hereafter DE) method
for PV inversion is employed in this study. The balance
equation, originally derived by Charney (1955), is, in
spherical coordinates,

2 (¥, ¥,)
a*cos?p O\ @)

where ® is the geopotential, ¥ is the streamfunction of
the nondivergent flow, fis the Coriolis parameter, \ is
longitude, ¢ is latitude, a is the radius of the earth, and
the last operator on the right-hand side of (3.1) is the
Jacobian. The approximate definition of Ertel’s PV in
7 coordinates is

Ve =V-(fVP) +

(3.1)

v 09

T 2 or 6
(3.2)

where k = R,/C,, p is the pressure, 7 is the vertical
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component of absolute vorticity, 4 is the potential tem-
perature, and 7 is the Exner function:

p K
T=C,|—]).
p<P0)

We use the hydrostatic approximation,

o

o=

Also, replacing the total wind by the nondivergent wind
V=kx VY,

we can solve the system of two equations (3.1) and
(3.2) for the two unknowns ® and ¥, given the distri-
bution of ¢, € on the upper and lower boundaries, and
® and ¥ on the lateral boundaries. We use the analyzed
geopotential height as the lateral boundary condition
for ® and integrate the analyzed horizontal wind field
to obtain the lateral boundary condition for ¥, with the
constraint that there is no net divergence out of the
domain. The upper and lower boundary conditions are
the analyzed potential temperature at 925 (1000—850-
mb average) and 125 mb (150-100-mb average).

As indicated by Davis (1990), the calculation of PV
from (3.2) has errors (induced from random wind and
temperature errors) ranging from 0.2 PVU (potential
vorticity unit; 107¢ m®> s™' K kg™') in the lower tro-
posphere to about 1.2 PVU in the lower stratosphere.
However, since these are random errors, they may par-
tially cancel when (3.2) is inverted to find the stream-
function and geopotential. Consequently, the balanced
flow, which reflects the integral effect of the PV fields,
is probably relatively unaffected by random, small-
scale noise. In our calculation, we have chosen a thresh-
old for convergence in the inversion of (3.1) and (3.2)
so that the balanced solution has a precision of 0.1 m
in height and 0.1 m s~" in wind speed.

It should be noted that the inversion scheme tends to
break down when the southern boundary is at or south
of about 7.5°N. This is probably due to relatively large
errors in the analyzed height field near the equator. The
imbalance between the mass and wind fields at the
southern boundary makes it difficult to obtain a con-
vergent solution. We have tried different methods (e.g.,
using the wind field to replace the height field) to cope
with this problem; however, we have not found a nu-
merical method that successfully inverts PV near the
equator. In general, the inversion scheme works when
we take 10° or 12.5°N as the southern boundary.

The balanced flow calculated from (3.1) is a non-
divergent flow. As described by DE, it is also possible
to recover the irrotational horizontal winds (divergent
winds) and vertical velocities using an iterative pro-
cedure to solve a set of prognostic equations. This
method is also adopted in the present study.
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2) PIECEWISE PV INVERSION

Piecewise PV inversion represents the process of re-
covering the balanced flow associated with specific PV
perturbations. It is probably the most useful method in
the application of PV diagnostics. If the inversion op-
erator is linear, the solutions can be superposed. Piece-
wise inversion is then simply an application of the
method of Green’s functions. However, when the bal-
ance condition is nonlinear, the solution and its inter-
pretation become much more complicated. Indeed, it
has shown that there is no unique solution for nonlinear
piecewise inversion (Davis 1992). For these reasons,
different methods have been explored/developed for
solving nonlinear piecewise PV inversion. [ A compar-
ison of three different methods of piecewise PV inver-
sion can be found in Davis (1992).]

In this work, we employ DE’s method of piecewise
PV inversion, which preserves the symmetry of the in-
version process. One important feature of DE’s method
is that the PV field is partitioned in such a way that the
summation of the balanced height and streamfunction
fields associated with each individual PV perturbation
equals the total balanced fields. In practice, however,

we must deal with the influence of the lateral boundary.

Though inverting over the entire hemisphere would not
require lateral boundary conditions, it is not practical
in terms of numerical efficiency. When the PV field is
divided into separate PV anomalies, we have no a priori
knowledge of the solution at the lateral boundary as-
sociated with individual PV anomalies. For this reason,
we shall generally use homogeneous lateral boundary
conditions in solving the piecewise PV inversion prob-
lem (we do not have to worry about the top and bottom
boundary conditions because potential temperature per-
turbations at both of the two boundaries are considered
to be part of the PV distribution). For computational
efficiency, we wish to choose the domain to be as small
as possible. But we need to ensure that the lateral
boundary extends at least a few Rossby radii from the
region of interest so that the influence of the imposed
boundary conditions is minimal. As a compromise, in
this study, we choose the domain for piecewise PV in-
versions to be from 2.5° to 62.5°N and from 120° to
30°W. (Note that because we are using homogeneous
boundary condition in solving the piecewise PV inver-
sion, unlike the case of total PV inversion, the piece-
wise PV inversion works at 2.5°N.)

¢. Potential vorticity partitioning
1) DEFINING THE MEAN AND PERTURBATION

Defining the mean flow (basic state) for piecewise
PV inversion is somewhat arbitrary. It depends upon
the purpose of the work. For example, in the study of
extratropical cyclogenesis, DE defined a perturbation
as the departure from a time average. They chose a
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typical synoptic-scale wave period (e.g., 5 days) as the
time-averaging period.

Hurricanes are intense and isolated vortices with life-
times . much greater than typical synoptic timescales.
The motion of tropical cyclones, however, is strongly
influenced by their interaction with the nonuniform and
evolving background flow. Thus, it is difficult to define
a suitable time mean for the study of hurricane motion.

As a first approach, we will construct the 1991 July-
to-September time-average flow as our reference state
and define deviations from that mean as perturbations.
The advantage of this definition is that the mean rep-
resents a climatological reference state that permits
easy comparisons between different case studies of hur-
ricanes. The shortcoming is that the perturbations thus
defined may have little relation to the hurricane itself.

To recover the mean (climatological) balanced flow
field, we perform a PV inversion of the total mean PV,
using climatological values of ®, ¥, and # as boundary
conditions.

2) PARTITIONING OF THE PERTURBATION

Although partitioning the PV perturbations is also
somewhat arbitrary, there are at least two classes of
perturbations to be considered: one consists of pertur-
bations that are spatially isolated and the other consists
of perturbations that are associated with a distinct PV
gradient in the mean flow. We seek to divide the PV
perturbations into the minimum number of pieces that
can efficiently represent the different aspects of hurri-
cane motion. Initially, we will partition the perturbation
into two parts: a lower PV perturbation [300 mb and
below (including potential temperature perturbations at
925 mb), denoted as L] and an upper PV perturbation
[250 mb and above (including potential temperature
perturbations at 125 mb), denoted as U]. There are two
reasons for such a vertical partition. First, a hurricane
generally has a coherent positive PV anomaly in the
vertical, extending from the surface to about 300 mb.
Second, because there is usually a distinct separation
between horizontal PV gradients near the tropopause
and PV gradients elsewhere, the upper troposphere is
the one of the most ‘‘dynamically active’’ regions.
(The other region is near the surface.) We are espe-
cially interested in examining the influence on hurri-
cane movement of upper-tropospheric disturbances,
which generally exist between 250 mb and the tropo-
pause. From the formulation of the inversion scheme,
we know that the total balanced flow should be equal
to the summation of the balanced flows associated with
the mean PV, L, and U. However, since some midlat-
itude upper-tropospheric disturbances often extend
down to 300 mb or lower, it should be remembered that
L can also contain dynamical features that have roots
at upper levels. To quantify these, we may also perform
piecewise inversion on any significant PV anomaly that
we are interested in understanding.
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d. Defining the hurricane advection flow

Our aim is to use PV diagnostics to better define
hurricane advection (steering) flow. Using the gridded
datasets, we interpolate the balanced winds to the cen-
ter of the hurricane. One significant problem is that
when one calculates the balanced wind associated with
L, which has a strong azimuthal wind associated with
the PV anomaly of the hurricane itself, the resulting
interpolated wind is highly sensitive to the exact choice
of the hurricane center. To avoid such a problem, we
further divide L into two parts: the lower PV of the
tropical storm (the positive PV anomalies at 300 mb
and below representing the hurricane, denoted as LS),
and the remainder (the entire PV anomaly distribution
at 300 mb and below, excluding the hurricane anomaly,
denoted as LE). Typically, LS covers only few grid
points.

The balanced flow associated with LS is axisym-
metric, as might be expected. We assume that this part
of the flow cannot by itself advect the hurricane. We
can then avoid the sensitivity problem by defining the
hurricane advection flow to be the summation of the
balanced flows (at the cyclone center) associated with
the mean PV, LE, and U. The hurricane advection flow
is thus defined as the balanced flow (at the storm cen-
ter) associated with the whole PV in the troposphere,
except for the PV anomaly of the hurricane itself. In
addition, we can also find a point at which the inter-
polation of the balanced flow associated with the hur-
ricane PV anomaly (LS) is zero. This is one way to
better characterize the hurricane center in the analysis.
We will refer to such a center (identified from the bal-
anced flow associated with LS) as the balanced vortex
center.

4. Results

Results from the case study of Hurricane Bob (1991)
are presented in this section. The best track positions
of this tropical cyclone are displayed in Fig. 1. This
storm is chosen for one main reason: It is a recent storm
located close to the United States and, thus, to a dense
rawinsonde network, suggesting that the quality of
NMC analyses for this storm might be better than for
a typical storm in the Tropics.

a. Climatology

We have constructed a climatology by taking an Eu-
lerian time (July—September) mean of all dynamical
fields [including the (geopotential) height, potential
temperature, wind, and potential vorticity fields] in
1991. The isentropic PV distribution (Fig. 2) shows
that the climatological PV contours are oriented in the
zonal direction. The PV gradient is much more con-
centrated in the upper troposphere than in the lower
and middle troposphere.
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Figure 3 shows the climatological mean height and
wind fields. A comparison between the mean wind and
the mean balanced wind (not shown) indicates that
their difference has magnitudes less than 1 ms™" at
most places (except perhaps over southeast part of the
domain over the North Atlantic Ocean) at 700 mb and
less than 2.5 m s~ ! at 150 mb, except near the bound-
aries. These differences are within about 15% of the
magnitude of the wind and are less than one-half of
typical rawinsonde errors [about 3 m s~ in the lower
troposphere and 5 ms™' in the upper troposphere
(Bengtsson 1976)]. Therefore, the climatological
mean state is close to a state of nonlinear balance. The
mean wind field shows that upper-level winds are dom-
inated by westerlies. In the lower and middle tropo-
sphere, the winds are dominated by easterlies in the
tropical region and westerlies in midlatitudes. Also, as
shown in Fig. 3, there is a broad anticyclonic circula-
tion over the subtropical Atlantic Ocean associated
with the summertime Bermuda high.

This is the background environment the hurricanes
are embedded in. We shall use PV diagnostics to un-
derstand how individual PV perturbations from this
mean state contribute to deflecting storm motion from
the mean advection flow.

b. Synopsis of Bob

Our synopsis is primarily based on the Hurricane
Preliminary Report from the National Hurricane Cen-
ter. Hurricane Bob originated from the remnants of a
frontal trough just south and southeast of Bermuda on
12 August 1991. The disturbance moved southwest-
ward, became organized over the next few days, and
was deemed a tropical depression at 0000 UTC on 16
August near the Bahamas. The depression was up-
graded to Tropical Storm Bob later on the same day
when it was located about 135 miles northeast of Nas-
sau. The storm then moved northwestward and contin-
ued strengthening, reaching hurricane strength on the
17th about 225 miles east of Daytona Beach, Florida.
Bob then accelerated, turning toward the north and then
north-northeast. Bob continued intensifying and
reached its maximum intensity, characterized by 51
m s ' sustained winds and a 950-mb central pressure
on the 19th when it was located 100 miles east-south-
east of Norfolk, Virginia. The storm weakened while
moving to the north-northeast over cooler waters off
the mid-Atlantic coast. It made landfall at Newport,
Rhode Island, about 1800 UTC on the 19th. Bob next
moved across Rhode Island and Massachusetts, while
continuing to weaken. The storm made final landfall as
a tropical storm near Rockland, Maine, at 0130 UTC
20 August and eventually evolved into an extratropical
cyclone over the Gulf of St. Lawrence.

c. An example: 1200 UTC 18 August 1991

We have examined nine different times during the
life of Bob, from 1200 UTC 16 to 1200 UTC 20 August
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FiG. 1. Best track positions for Hurricane Bob of 1991. The E, D, S, and H
indicate the storm position every 12 h.

1991 at 12-h intervals. In this section, we choose one
particular analysis time (1200 UTC 18 August 1991,
when Bob was located about 170 miles east-southeast
of Charleston, South Carolina) to demonstrate the gen-
eral behavior of the storm, using the NMC analyses.

1) GENERAL FINDINGS

In the relative vorticity field (not shown here) Bob
appears as a local maximum with a value near 1
X 107*s~" at 850 mb. This local maximum decreases
with height and changes sign above 300 mb. A region
of negative relative vorticity with values of —4
X 107 s7! is observed at 150 mb above Bob. These
features are also indicated in the PV field (as shown in
Fig. 2 of WEM). The distribution of relative vorticity
in the lower troposphere is more uniform than that in
the upper troposphere. Except for the strong vorticity
values associated with Bob and another system over
eastern Quebec, there are no other strong features at
850 mb. But in the upper troposphere (e.g., at 300 mb),
many features with large relative vorticity values exist.

Figures 4a and 4b show the NMC analyzed and the
balanced height fields. They agree well in most regions,
except for some differences over the Atlantic Ocean.
Bob is identified as a height minimum in the lower and
middle troposphere. The synoptic environment in-
cludes a mid- to upper-level trough extending from the
southeastern United States beyond the Great Lakes, a
subtropical high over the Atlantic, and a strong upper-
level ridge east of Canada. '

The balanced (nondivergent) wind fields at 700 and
150 mb are shown in Figs. 4c and 4d. A cyclonic flow

surrounds Bob at 700 mb with a maximum wind speed
of nearly 12 m s'. This is less than one-third of Bob’s
actual maximum wind speed. The upper-level trough
over the Great Lakes can be seen clearly at 150 mb.
This feature is also evident at 700 mb. The difference
between the analyzed wind and the balanced wind at
either level (not shown here) is small compared with
the magnitude of the total wind speed in most places
(except over certain areas in the Gulf of Mexico at 700
mb and near the lateral boundary at 150 mb). In gen-
eral, comparing the balanced heights and winds with
the ‘‘real’”” (NMC analyzed) heights and winds, we
find that the analyzed data are close to a state of non-
linear balance. This example suggests that there is a
close relationship between the analyzed and balanced
winds in this region.

As shown above, the comparison of wind, height,
and relative vorticity fields from the NMC gridded
datasets all indicate that the analyses capture Bob’s
existence. They also locate Bob’s position reasona-
bly well. However, the analyses clearly underesti-
mate Bob’s intensity, as measured by maximum
winds and minimum pressure, and the strength of its
outer circulation. This is partly due to the lack of
observations and partly because of the coarse reso-
lution of the datasets causing Bob’s structure to be
smeared out. This is also the case in Tropical Storm
Ana and Hurricane Andrew (Wu and Emanuel
1995). Because of this drawback in the data, we may
not be able to accomplish one of our objectives, that
is, to understand how a hurricane changes its back-
ground environment flow and how these change the
subsequent hurricane motion.
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FIG. 2. Mean (July—September 1991) Ertel’s potential vorticity fields at (a) 310-K, and (b) 335-K isentropic surfaces. The unit is 0.01
PVU. Potential vorticity values smaller than (larger than or equal to) 1.0 PVU are shown as dashed lines (solid lines) with contour intervals

of 0.125 PVU (1.0 PVU).

Piecewise inversion is performed in pressure-like co-
ordinates (Exner function) instead of isentropic sur-
faces. We plot PV perturbations (relative to the cli-
matological mean) on isobaric surfaces in Fig. 5. Bob
appears as a positive PV anomaly in the lower and mid-
dle troposphere. At 700 mb Bob is characterized as a
positive PV anomaly with a maximum value of 0.4
PVU. Besides Bob, there are some other weaker PV
perturbations found in the midlatitudes at this level. At
higher levels (e.g., 150 mb) above Bob, however, an
area of negative PV anomalies is found, with a tail ex-
tending downshear from the storm center. This map is
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similar to the picture portrayed by the theoretical model
of WEM. However, in the real atmosphere, we note
that there are also many other distinct PV anomalies,
which are neglected in the idealized model (WEM).
At 700 mb a negative PV anomaly and a positive PV
anomaly are present on the northeast and the southwest
sides of Bob, respectively, which look somewhat like
the G gyres predicted by barotropic numerical models.
However, this cannot be confirmed without studying
the time evolution of the PV fields.

As indicated in Fig. 2 of WEM, the magnitude of the
horizontal gradient of potential vorticity in the upper
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FIG. 3. Mean NMC analyzed height and wind fields at (a) 700 mb, and (b) 150 mb. Contour intervals are 30 m for (a) and 60 m for (b).
One long barb indicates 10 knots (8—12 kt); one short barb indicates 5 kt (3—7 kt); no barb indicates winds less than 3 kt; ‘0’ indicates no

wind.
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(a) 700 mb H AND BAL. H 910818/1200
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WIND 910818/1200

Fic. 4. NMC analyzed height fields (solid) and balanced height fields (dashed) at 1200 UTC 18 August 1991 at (a) 700 mb, and (b) 150
mb. Contour intervals are 30 m for (a) and 60 m for (b). Balanced (nondivergent) wind field (wind barb plotted as in Fig. 3) at (c) 700 mb
and (d) 150 mb.

(c) “700 mb BAL.

troposphere is much higher than that in the lower and
middle troposphere. Figure 5 demonstrates that the am-
plitude of PV perturbations is also much higher in the
upper troposphere than that in the middle and lower
troposphere. At 150 mb, in addition to many small-
scale PV anomalies, there are two distinct synoptic-
scale PV anomalies: a positive PV anomaly associated
with the trough over the Great Lakes and a negative
PV anomaly associated with a ridge located near New-
foundland. Since these PV anomalies are strong and
have a relatively large horizontal scale, their associated
geopotential anomalies extend well downward into the
troposphere. These features can also be identified in the
so-called ‘‘dynamic tropopause’’ potential temperature
map (sée Fig. 9d). The negative PV anomaly above
Bob shows up as a warm potential temperature anom-
aly, and the aforementioned synoptic-scale positive and
negative PV anomalies are manifested by warm and
cold potential temperature anomalies, respectively.
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Since this map concisely depicts the dynamic infor-
mation in the upper troposphere, for simplicity, we
shall use such maps to follow the time evolution of the
upper-level systems in our study.

2) ADVECTION FLOW OF BOB

Figure 6 shows the balanced wind field associated
with U. In the upper troposphere, there are small-scale
cyclonic or anticyclonic circulations in the subtropics,
but the large-scale flow field is dominated by a strong
circulation dipole in midlatitudes. In the lower and mid-
dle troposphere, the flow in the subtropics becomes uni-
formly easterly. The lower-tropospheric flow field is
dominated by the dipole of gyres; a cyclonic circulation
associated with a positive upper-level PV anomaly lo-
cated northwest of Lake Superior and an anticyclonic
circulation associated with a negative upper-level PV
anomaly over Newfoundland. This result indicates that
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(b) 150 mb PERT. PV 910818/1200

FiG. 5. Ertel’s potential vorticity perturbation fields at 1200 UTC 18 August 1991. The unit is 0.01 PVU. Positive (negative) values are
represented by solid (dashed) lines. Hurricane Bob’s best track positions are indicated by the hurricane symbol. (a) At 700 mb. The contour
interval is 0.1 PVU. The area enclosed by heavy lines indicates the potential vorticity anomaly of Bob (LS at 700 mb). (b) At 150 mb.
Potential vorticity values smaller than or equal to (larger than) 1.5 PVU are shown as thin lines (bold lines) with contour intervals of 0.5
PVU (1.5 PVU). The area enclosed by heavy lines indicates the potential vorticity anomalies of UP and UN at 150 mb.

the projection of the upper-tropospheric disturbance on
the lower troposphere is dominated by the large-am-
plitude synoptic-scale PV gyres.

In a linear PV inversion (e.g., quasigeostrophic in-
version), the penetration depth is determined by an ex-
ternal parameter, f L/N. The aforementioned finding re-
flects that, as shown in Davis (1992), the vertical pen-
etration depth of a disturbance depends not only on the
horizontal scale but also on the amplitude of PV anom-
alies in a nonlinear PV inversion.

Looking at the vertical distribution of the PV anom-
alies (not shown here ), we find that the two midlatitude
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PV anomalies are mainly confined between 250 mb and
the top of the domain. Next, we conduct a piecewise
inversion of each anomaly separately: UP represents
the upper-level positive PV anomaly over Lake Supe-
rior; UN represents the upper-level negative PV anom-
aly over Newfoundland. (The PV anomalies of UP and
UN at 150 mb are illustrated as the area enclosed by
heavy lines in Fig. 5b.) The balanced flow fields as-
sociated with UP and UN (not shown) clearly indicate
that the circulations associated with these two PV
anomalies have a strong component at the subtropics
in the lower troposphere. The balanced flow associated
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FIG. 6. Balanced wind fields (wind barb plotted as in Fig. 3) associated with potential vorticity perturbation at and above 250 mb (U) at
1200 UTC 18 August 1991 at (a) 700 mb and (b) 150 mb. Hurricane Bob’s best track positions are indicated by the hurricane symbol.
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with UP would advect Bob 4 m s ™! toward the north-
northeast, and UN would advect Bob 3 m s~! toward
the northwest. If we add these two balanced flows to-
gether (UP + UN), the sum is close to that associated
with U (Fig. 9a), except that the former has a stronger
circulation that extends farther south (e.g., over the
Caribbean ). The two synoptic systems act to steer Bob
northward relative to the climatological flow by about
3 ms™', which is about 20% higher than for the
total U.

We have also performed piecewise inversions of the
upper-level anomalies located in the subtropics and the
negative upper-level PV anomaly aloft on the down-
shear side of Bob. The projection of each of these bal-
anced flows at 700 mb is weak (less than 1 ms™).
Also, there is considerable cancellation between the
flow fields, making their net contribution to the advec-
tion of Bob less significant (less than 1 ms™'). We
may conclude that, compared to the midlatitude syn-
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optic-scale PV anomalies, these PV anomalies are dy-
namically less important in affecting Bob’s motion.

Figure 7 shows the balanced flow associated with L.
A cyclonic flow surrounds Bob. However, when we
invert LE (neglecting the positive PV anomaly near the
center of Bob), as shown in Fig. 7b, the cyclonic flow
around Bob nearly disappears. We note other rotational
flows outside Bob in Figs. 7a and 7b. If we invert the
negative PV anomaly found to the northeast of Bob,
which might be related to a “‘3 gyre,”” we find a bal-
anced flow (not shown here) that contributes a 2.9
m s~ southeasterly wind through Bob’s center. How-
ever, the inversion from other parts of LE tends to
counter this wind. Therefore, unlike the large-scale
flow fields associated with U (Fig. 6a), there is some
cancellation of the flows associated with individual PV
features in the lower and middle troposphere that cause
the net influence from LE on Bob’s movement to be
small (less than 0.5 ms™').
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FiG. 7. The 700-mb balanced wind fields (wind barb plotted
as in Fig. 3) associated with (a) L, (b) LE, and (c) LS at 1200
UTC 18 August 1991. Hurricane Bob’s best track positions
are indicated by the hurricane symbol.
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The procedure of removing the hurricane PV anom-
aly (LS) is demonstrated here. In the case of the 700-
mb PV perturbation distribution in Fig. 5a, we remove
LS in the 12 central grids surrounding Bob (shown as
the area enclosed by heavy lines). The process of re-
moving the cyclone’s PV anomaly is somewhat sub-
jective. Here, we assume that the advection of the hur-
ricane associated with LS can be neglected. Because
any asymmetric features in the removed PV anomalies
may actually contribute to the advection of the storm,
a better method is to remove the axisymmetric com-
ponent of the hurricane’s balanced flow. However, as
indicated in the previous section, since the NMC da-
tasets do not capture detailed flow structure well near
the hurricane center, it is not clear whether the asym-
metric features in the hurricane center are realistic or
not. For this reason, we advocate removing the erntire
PV anomaly near the hurricane center. To estimate the
possible errors induced by this procedure, we perform
sensitivity experiments by varying the area containing
the actual PV anomaly to be taken out. The results in-
dicate that as long as we remove most of the positive
PV anomaly surrounding the hurricane, the process of
removing more (or fewer) grid values only affects the
hurricane advection flow by a small amount.

We also invert LS. The recovered balanced flow is
shown in Fig. 7c. The flow field is axisymmetrically
distributed around Bob’s center, with a maximum azi-
muthal wind speed of about 8 m s~!. Indeed, it is pos-
sible that we can find a location at which this wind field
is minimized (actually near zero). We regard such a
location as the storm center, analyzed by the datasets.
As indicated in section 3, this center is referred to as
the ‘‘balanced vortex center.”” It should be noted that
the summation of the balanced flows in Figs. 7b and 7¢
is equal to that in Fig. 7a.

As pointed out by Smith (1994, personal commu-
nication ), the flow field associated with LS has its outer
circulation that decays relatively slowly, like 1/(ra-
dius). This implies a very large kinetic energy and an-
gular momentum associated with the storm, which is
regarded as purely a positive PV anomaly (LS). A
question may be raised whether such a partitioning of
flow field makes sense. In nature, at large radii the in-
fluence of the low-level positive PV anomaly gets
mostly canceled by the influence of the negative PV
anomaly aloft, resulting in little or no anomalous flow.
For what we are trying to do, we are only concerned
about the near-storm flow, which is dominated by the
positive anomaly, and the flow beyond about 1000-km
radius is weak in any case.

As discussed in section 3, to define the advection
flow of Bob, we interpolate the balanced winds from
grid points to the appropriate hurricane center. There
are many ways to define the hurricane center, for ex-
ample, the local maximum in relative vorticity, poten-
tial vorticity, or minimum streamfunction, etc. Two def-
initions are used here: one is the ‘‘best track center,’’
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FiG. 8. Velocity vectors of balanced flows and Hurricane Bob’s
motion at 1200 UTC 18 August 1991. Mean, U, L, and LE represent
the 850—-500-mb pressure-averaged balanced flows associated with
the mean potential vorticity and potential vorticity perturbations of
U, L, and LE, respectively. Mean + U + LE represents the total
hurricane advection flow; TC indicates Bob’s motion estimated from
every 6-h best track position. Interpolation of the balanced wind fields
(a) to the best track center and (b) to the 850—500-mb pressure-
averaged balanced vortex center. (¢) Velocity vectors of total advec-
tion flow (interpolated to the 850—500-mb pressure-averaged bal-
anced vortex center) at each level.

that is, the storm center analyzed from the National
Hurricane Center’s postseason analyses using all of the
information available, and the other is the ‘‘balanced
vortex center’’ (described in section 3) that minimizes
the 850-500-mb averaged balanced flow associated
with LS.

Figures 8a and 8b show a comparison of the 850—
500-mb pressure-averaged balanced flow (interpolated
to the hurricane center) with the actual hurricane mo-
tion at 1200 UTC 18 August. In this example, Bob’s
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best track position is at 31.5°N, 76.6°W, and the bal-
anced vortex center is located at 31.62°N, 77.48°W.
The two centers differ by about 1° longitude. After in-
terpolation, the balanced flows associated with U and
the climatological mean are about the same for either
center. However, the balanced flow associated with L
is different for the two centers. This is the sensitivity
problem we mentioned in section 3. As we have ne-
glected the wind field associated with the hurricane PV,
we get the balanced flow associated with LE. Again, it
is about the same for the two different centers (note
that when we use balanced vortex center for interpo-
lation, by definition, the balanced flow associated with
L and LE are identical at the balanced vortex center).

When we sum the balanced flows associated with
mean, U, and LE, we recover the 850-500-mb pres-
sure-averaged advection flow for Bob. Figures 8a and
8b indicate that the advection flows using the two dif-
ferent interpolated centers are about the same. (Here-
after, we only show the result of the advection flow that
is interpolated to the 850—500-mb pressure-averaged
balanced vortex center.) Moreover, these advection
flows give a good estimate of the direction of Bob’s
motion (north-northeastward), though the magnitude
is about 1 m s~ less than Bob’s displacement speed
(6.6 m s™"). It should be noted that the actual storm
motion is estimated by averaging the previous and sub-
sequent 6-h mean motion, calculated using the 6-h best
track positions. Given an error of 0.1° for the best track
positions, this estimation of the cyclone motion has a
potential error of about 1 m s™' in magnitude. Also,
with the PV analyses, we are making a local (in time)
estimate of advection speed. But the actual storm mo-
tion may vary in time.

It can also be seen that Bob’s movement is due not
only to the climatological mean balanced flow but to
significant contributions from the balanced flow asso-
ciated with the upper-tropospheric PV perturbations
(U). Two points emerge. First, Bob’s motion is being
strongly influenced by the midlatitude systems. Sec-
ond, disturbances in the upper troposphere play an im-
portant role in advecting Bob.

The preliminary report of Bob from the National
Hurricane Center describes that, around this time, Bob
began turning toward the north and then north-north-
east at an increasing forward speed and that its motion
was mainly due to the combined effect of the subtrop-
ical high pressure ridge over the Atlantic and a mid- to
upper-level trough over the southeastern United States.
Compared with our findings, the former flow feature
appears to be an effect of the climatological mean bal-
anced flow. Based on this analysis, the conjecture re-
garding the trough over the southeastern United States
is probably incorrect. To show this, we also inverted
the upper-level PV anomaly associated with the trough
over the southern United States. Since it has a narrow
horizontal scale, its projection onto the flow of the
lower troposphere is weak, and it is not a primary factor
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in Bob’s movement. As discussed previously, the flow
associated with the synoptic-scale upper-level trough
and ridge over the Lake Superior and Newfoundland
advected Bob. Thus, through PV diagnostics, we are’

able to distinguish clearly which dynamical features are

most important in advecting the cyclone.

Figure 8c indicates the hurricane advection flow (in-
terpolated to the 850-500-mb averaged balanced vor-
tex center) at each level. In general, the flows between
700 and 400 mb are all close to the actual hurricane
motion vector. Higher deviations occur at 1000 mb and
above 400 mb. Figure 8c also demonstrates that there
is a west-southwesterly vertical shear of about 5 m s ™!
between 700 and 200 mb over Hurricane Bob. We also
find (not shown here) that advection flows using a sin-
gle-level wind (e.g., 700 mb) or over a deeper part of
the troposphere (850-300 mb) also approximate the
storm movement fairly well. However, in this work, we
will generally use the 850—-500-mb pressure-averaged
flow to represent the hurricane advection flow.

d. Time evolution of Bob
1) EVOLUTION OF UPPER-LEVEL PV ANOMALIES

As the previous example indicates, upper-level PV
anomalies are important in influencing Bob’s motion.
Therefore, to understand the dynamics of Bob’s mo-
tion, it is desirable to understand the evolution of the
upper-level PV perturbations. For Bob, the most im-
portant upper-tropospheric PV anomalies are located
above 300 mb. .

To simplify visualization, we use the potential tem-
perature 6 perturbation fields on the dynamic tropo-
pause (surface of 1.5 PVU) to represent disturbances
in the upper troposphere. Because of the quasi-con-
served nature of both PV and 6, it is convenient to use
such maps to trace important features that contain val-
uable dynamic information in the upper troposphere. Tt
should be also restated that a warm (cold) anomaly on
the dynamic tropopause is equivalent to a negative
(positive) PV anomaly on an isentropic surface in the
upper troposphere (unlike for the lower boundary).
Figure 9 shows a time series of such potential temper-
ature anomaly maps from 17 to 20 August. The 700-
mb balanced flow field associated with the PV pertur-
bations in the four upper levels (U) are displayed in
Figure 10.

At 0000 UTC 17 August (Fig. 9a), a cold anomaly
(referred to as C1) is found over South Dakota. An-
other cold anomaly (C2) extends along the southeast-
ern United States. A warm anomaly (W1) is located
over Lake Superior, and another warm anomaly (W2)
is found over the northwestern Atlantic. The balanced
flow associated with U at 700 mb (Fig. 10a) indicates
that Bob is advected by a weak southeasterly wind with
magnitude of 1.4 m s~ *, mainly associated with W2.
The upper-level features, without much change in in-
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7
{c) (1.5 PVU SURF.). PERT. THETA

(£) (1.5 PVU SURF.) PERT., THETA 910819/1200

FiG. 9. Time evolution of the tropopause potential temperature perturbation fields (on the 1.5
PVU surface) from 0000 UTC 17 to 1200 UTC 20 August 1991. (a) 0000 UTC 17, (b) 1200 UTC
17, (¢) 0000 UTC 18, (d) 1200 UTC 18, (e) 0000 UTC 19, (f) 1200 UTC 19, (g) 0000 UTC 20,
and (h) 1200 UTC 20 August 1991. The contour interval is 5 K. All positive (negative) values

are represented by solid (dashed) lines. Hurricane Bob’s best track positions are indicated by the
hurricane symbol.

83



84

MONTHLY WEATHER REVIEW

SSSS

ﬁ
R NN
-Jwafi Ny el

TSN\ \ \'K\ NN
\5\\5~\ N\“\*\ﬁ.ﬁ

B e
(a) 700 mb WIND (u PERT PV} 910817/0000

oot

11y .
///Ji J@o@~4%¥§,x\“
.....

(/jﬂ\‘;

2

\& \\\\\.‘\\\
Q\\\\\\\a\ﬁ

NN S e B

et
(¢} 700 mb WIND (U PERT. PV) 910818/0000

PSS ‘<UJ//
FH o WAL ; \\\
»{1! JJJ <

775 A
IZ//;’\) ? ///
—( / N = r

N \\\._,/'//‘/

N \\\\\_(«//‘/

NS \ \\\.\\\'\v_,_,d//
A S R ———

N \\\\\\\q\_.._,—ﬁ_ﬁ\,_,_,/e/ :

g

e —_—.
{e) 700 mb WIND (U PERT. PV) 910819/0000

&7 “’”E‘TW;Q;;_{ G
AN S AR

2N ﬂf'/rrrf
T

(9) 700 mb WIND (U PERT. PV) 910820/0000

NSNS ———
\ N\ \\,\.‘rww—"-'/
{ Aananaanns

SISNNA RN ~—"
RN B SN

(b) 700 mb WIND (U PERT. PV) 910817/1200

"\4 S \\XJﬂJJJJE/J AU

(70 jJJJJ%?%E“?}}
iy

=

rr
AN AR
it 11T
m \///f

~%%#~ﬂ WS-

‘‘‘‘‘‘ et -'\x \\\\, .
T N
\\é//// Iﬁ\/ \\\.\rﬁw‘-—v—r‘w/‘:
NN NN XN .
SNSRI —

~ Tg///\/:}v)'
- AN A — N\
3 - N PSS a
] /)JJ//(W///

'JT&Ju\yw¢

< \\\\\_,f//

71 7
> N NS ST

( K;\\?"j\ 7 j\ \\ NN
e A S O

//,:WV§~*-\\\\\\-”

f\//////L/VJJ/M'—/L' \KK‘\
%E\\\\\Q\Jfff&f LSS

iﬁf\\ \Xl’iﬁgﬁ“ng“

)

l eSS
..... I NI T

o o _a—uj L \. -
a7 *\\\«.\.\.\.\'. R

(h) 700 mb WIND (U PERT. PV) 910820/1200

FiG. 10. Time evolution of the 700-mb balanced wind fields (wind barb plotted as in Fig. 3)
associated with U from 0000 UTC 17 to 1200 UTC 20 August 1991. (a) 0000 UTC 17, (b) 1200
UTC 17, (c) 0000 UTC 18, (d) 1200 UTC 18, (¢) 0000 UTC 19, (f) 1200 UTC 19, (g) 0000 UTC
20, and (h) 1200 UTC 20 August 1991. Hurricane Bob’s best track positions are indicated by the

hurricane symbol.
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tensity, are advected eastward for the next 12 h (Fig.
9b). The flow field (Fig. 10b) shows that Bob is ad-
vected by about the same amount of balanced flow as-
sociated with the same PV anomaly (W2).

By 0000 UTC 18 August (Fig. 9c), C1 moves far-
ther southeastward, and C2 weakens over the south-
eastern states. Also, W1 intensifies and expands over
southeastern Canada and W2 moves close to the eastern
boundary in the domain while intensifying. At this
time, a new warm anomaly (referred to as W3) is found
near the east coast of North and South Carolina. There
is some evidence (see section 2 below) that Bob con-
tributes to the generation of a part of W3. Figure 10c
indicates that Bob is advected northwestward at this
time by a weak balanced flow of 1.3 m s™', which is
partly associated with W1.

Twelve hours later (Fig. 9d), another cold anom-
aly is advected southward from Hudson Bay and
merges with Cl. The new C1 covers the central
United States and Canada, centered slightly north of
Lake Superior, and connects with C2 having a small
tail extending to the west of Florida. Warm anomaly
W1 continues to intensify, with its center located
over the southeast coast of Canada, while W3 is
quasi-stationary. As indicated in the previous sec-
tion, the balanced flow (Fig. 10d) that advects Bob
at this time is mainly associated with the dipole
gyres, C1 and W1, that combine to advect Bob north-
ward with a speed of 2.3 ms™!.

By 0000 UTC 19 August (Fig. 9e), C1 has
strengthened and moved southward with its center
over west Wisconsin. The southern part of C2 is
sheared out, and the northern end of C2 merges with
C1. Warm anomaly W1 is at the same location with
little increase in intensity while W3 has strengthened
and is located to the southeast of Bob. Interestingly,
another warm anomaly (referred to as W4 ) forms and
is located downshear of Bob. The 700-mb balanced
flow (Fig. 10e) exhibits a southerly flow of 2.5 m s '
through Bob’s center. This flow is mainly associated
with C1, W1, and W4.

After another 12 h (Fig. 9f), C1 has further inten-
sified. It moves southeastward to near north Illinois.
Meanwhile, most of W1 has moved out of the do-
main. However, the magnitude of W4 has increased
dramatically to 25 K. It also covers a much larger
area. Anomaly W4 is centered over New Hampshire
and extends eastward. The associated flow field (Fig.
10f) indicates a dipole of strong gyres associated
with C1 and W4. This flow advects Bob northward
at5.5ms™ !,

By 0000 UTC 20 August (Fig. 9g), C1 has moved
slightly southeastward. Anomaly W3 further strength-
ens and extends from southeast Quebec to the eastern
boundary of the domain. At this time, the magnitude of
the influence of U on Bob’s motion reaches its peak.
As indicated in Fig. 10g, this flow advects Bob north-
northwestward at 6.8 m s~'. This flow field is clearly
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dominated by C1 and W4. Finally, at 1200 UTC (Fig.
9h), C1 and W4 both move to the east, and their in-
tensities are unchanged. Figure 10h shows that the flow
pattern is still mainly associated with C1 and W4,
which advects Bob northward with a wind speed of 5.4
ms~'.

2) UPPER-LEVEL NEGATIVE PV ANOMALY ABOVE
Bos

To compare our findings with WEM’s hypothesis
discussed in section 2, we discuss the evolution of the
negative PV anomaly above Bob. As shown in Fig. 9,
at 0000 UTC 17 August, there is no obvious anomaly
directly above the location of the storm and it is not
clear what relationship the warm anomaly extending
northeastward from Bob has to the storm. However, 1
day later, at 0000 UTC 18 August, a warm anomaly of
10 K (W3) forms above Bob and extends to the north-
east side of Bob. It remains so for the next 12 h. At
0000 UTC 19 August, when Bob is still intensifying
and moving along the east coast of Virginia, W3 ex-
tends from the south to the east of Bob with a maximum
amplitude of 15 K. Meanwhile, another warm anomaly
(W4) forms over Massachusetts, having a maximum
amplitude of 15 K, and extends eastward.

The neighborhood of the storm is atypical at this
point. Bob is already headed toward midlatitudes where
it can readily induce upper-level PV anomalies through
horizontal advection, as opposed to vertical transport
by nonconservative processes. As Bob moves north-
ward, this warm anomaly (W4) always ‘‘follows’’
Bob, while its amplitude increases from 15 K on 19
August to 30 X at 1200 UTC 20 August, when Bob is
located over eastern New Brunswick. This could be
either a ‘‘phase locking”’ of the upper-level and lower
PV anomalies or the production of negative PV anom-
aly by Bob. Similar results are found by looking at
negative PV anomalies on the 355-K surface (not
shown here).

It should be noted that these warm anomalies could
intensify because air is moving toward a region having
a lower mean 6. However, if we follow the actual 6
field on the dynamic tropopause (not shown here), we
observe that only 6 of W3, but not W4, increases with
time in a Lagrangian sense. This result suggests that
the early phase of W3 is due to the diabatic process
associated with Bob, where as the development to the
north (W4) is caused by two dynamic processes: one
is the advection of thermal gradients at the tropopause
by the flow associated with the lower-level positive PV
anomaly of Bob and the other is the downshear trans-
port of the low-PV air, diabatically generated above
Bob, by the upper-level ambient flow. Because the
NMC analyses underestimate Bob’s intensity, we can-
not distinguish between the two possible dynamic pro-
cesses by advecting the PV fields using Bob’s associ-
ated balanced flow.
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Since during these few days Bob was located near A simple, preliminary analysis is performed by in-
the coastal area, we think that the analysis of these PV verting the U negative PV anomaly (denoted as UNA,
anomalies is realistic. We could perform piecewise PV which includes W3 and W4) found above and down.
inversions to understand how these negative PV anom-  shear from the location of Bob, which we believe may
alies interact with Bob. However, to prove or disprove  be a negative PV plume either diabatically or dynam-
our hypothesis in the modeling work, we need to be ically (through the horizontal advection) produced by
able to identify which PV anomalies observed in the Bob. Figures 11a and 11b display the 200-mb PV
data are generated by diabatic processes near the hur- anomaly areas chosen for inversion at 1200 UTC 18
ricane center. The best we can do is to follow the evo- and 19 August, respectively. The inverted balanced
lution of the PV field and trace the change of the PV  flow fields at 700 mb are shown in Figs. 11c and 11d.
anomalies. It is difficult to distinguish clearly which On 18 August, the balanced flow through Bob’s center
part of the anomaly is generated by the hurricane and  is 0.9 m g-! to the north. However, on 19 August, it
which parts are due to horizontal advection from other  has increased to a northwestward flow at 4 m sl ina
regions. Thus, we shall address this somewhat specu-  direction to the left of the mean southwesterly vertical
latively. shear (will be shown later), as predicted by -our theo-
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FiG. 11. Ertel’s potential vorticity perturbation fields at 200 mb. (a) At 1200 UTC 18 August 1991 and (b) at 1200 UTC 19 August 1991.
The area enclosed by heavy lines indicates the Ppotential vorticity anomaly (UNA at 200 mb) to be inverted. The unit is 0.0]1 PVU. Potential
vorticity values smaller than or equal to (larger than) 1.5 PVU are shown as thin lines (bold lines) with contour intervals of 0.5 PVU (1.5
PVU). All positive (negative) values are represented by solid (dashed) lines. The 700-mb balanced wind fields (wind barb plotted as in Fig. .
3) associated with UNA. (c) At 1200 UTC 18 August 1991 and (d) at 1200 UTC 19 August 1991. Hurricane Bob’s best track positions.are
indicated by the hurricane symbol. ‘ ' .
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retical model. Piecewise inversions of W3 and W4 at
the 19th are also performed, separately. The result
shows the advection flow of Bob is mainly associated
with W4. The influence from W3 is relatively weak.

In summary, we find that as the strength of the neg-
ative PV anomaly aloft intensifies with time, its effects
on advecting Bob also become stronger. Though we
are not sure how much of the upper-level PV anomalies
are diabatically produced by Bob, by following the
evolution of the PV field, we believe that the strength-
ening of the negative PV anomaly aloft is closely re-
lated to Bob. It is not clear, however, whether dynamic
or diabatic processes are the main cause of W3 and W4.
Thus, our preliminary analysis does not exhibit enough
evidence to support WEM’s hypothesis. More detailed
work needs to be done to evaluate this effect more
quantitatively.

3) EVOLUTION OF LOWER- AND MIDLEVEL PV
ANOMALIES

The 700-mb balanced flow associated with LS (not
shown here) is nearly axisymmetric around Bob. Its
magnitude becomes stronger with time, though always
considerably weaker than the actual wind speeds
of Bob.

The evolution of the 700-mb balanced flow associ-
ated with LE is studied. Unlike the balanced flow as-
sociated with U (Fig. 10) or LS, this flow field (not
shown here) has more detailed small-scale features,
and there is some cancellation between the flows as-
sociated with different PV anomalies. Thus, it is not
clear what the dominant dynamic feature is that advects
Bob. In general, these balanced flows have about the
same magnitude (1-2 ms™') near Bob’s center as
those associated with U. Interestingly, at 1200 UTC 19
August, as Bob moves rapidly toward the north-north-
east, the effect of U increases dramatically, advecting
Bob northward by a wind speed of 5.5 m s™'. Mean-
while, the advection by LE increases to a 4.5 ms™!
northward flow.

To demonstrate how each component of the 700-mb
balanced flow contributes to Bob’s motion at 1200
UTC 19 August, we display hodographs of the advect-
ing flow in Fig. 12. The eastward component of Bob’s
movement at this time is mainly due to the climatolog-
ical mean flow. The PV perturbations (U and LE) in
the upper and lower troposphere play about the same
role in advecting Bob toward the north. The sum of the
balanced flows is a good approximation to Bob’s actual
motion at this time.

4) B GYRES

From 18 August on, a lower-level negative PV
anomaly is consistently found to the east-northeast of
Bob; this anomaly looks somewhat like the negative
branch of 8 gyres. We invert these negative PV anom-
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Mean+U+LE
Mean+U+L

5 10 Us)

FiG. 12. Velocity vectors of balanced flows (interpolated to the
850-500-mb pressure-averaged balanced vortex center) and Hurri-
cane Bob’s motiorr at 1200 UTC 19 August 1991. Mean, U, L, and
LE represent the 850—500-mb averaged balanced flow associated
with mean potential vorticity, potential vorticity perturbations of U,
L, and LE, respectively. Mean + U + LE represents the total hurri-
cane advection flow. TC indicates Bob’s motion estimated from
every 6-h best track position.

aly features, located between the surface and 300 mb,
at two different times: 1200 UTC 18 August and 1200
UTC 19 August. The PV anomalies at 700-mb to be
inverted (denoted as LB) are illustrated in Figs. 13a
and 13b, and the balanced flows associated with these
PV anomalies are shown in Figs. 13c and 13d. On 18
August, the associated flow tends to advect Bob toward
the north-northwest at 2.9 m s ~'. However, because of
the cancellation with the balanced flow associated with
other lower-tropospheric PV anomalies, the net effect
of LE on Bob’s motion is a northward speed of 0.5
m s~'. On 19 August, the balanced flow acts to advect
Bob northward at 3.5 m s~'. Unlike on the 18th, this
negative PV anomaly contributes about 80% of the net
advecting flow associated with LE.

One may ask how closely the negative PV anomalies
are related to so-called B gyres. The location of the
anomalies relative to the hurricane and its induced
storm drift agree well with the predictions of barotropic
theory. However, observations do not show any sign of
the additional counterpart in the 8 gyres, that is, the
positive PV anomaly located to the southwest of the
storm (it is possible that this positive PV anomaly is
mixed in with Bob and cannot be distinguished in the
data). Also, given that the data underestimate Bob’s
strength, it is not clear whether such a negative PV
anomaly could be generated by the advection of the
background PV gradient (Fig. 2) by the cyclonic cir-
culation associated with Bob. A strong circulation
might make this more likely.

To explore this, we calculated the advection of the
mean PV field by the balanced flow associated with
Bob’s PV anomaly (LS) at 18 August and 19 August.
The analysis (Fig. 14) indicates that at 0000 UTC 18
August, the relatively weak flow associated with Bob
results in negative PV advection to the east of Bob and
positive advection to the west. The magnitude of these
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FiG. 13. Ertel’s potential vorticity perturbation fields at 700 mb. (a) At 1200 UTC 18 August 1991 and (b) at 1200 UTC 19 August 1991.
The area enclosed by heavy lines indicates the potential vorticity anomaly (LB) to be inverted. The unit is 0.01 PVU. Potential vorticity
values smaller than or equal to (larger than) 0.5 PVU are shown as thin lines (bold lines) with contour intervals of 0.1 PVU (1.0 PVU). All
positive (negative) values are represented by solid (dashed) lines. The 700-mb balanced wind fields (wind barb plotted as in Fig. 3) associated
with LB. (c) At 1200 UTC 18 August 1991 and (d) at 1200 UTC 19 August 1991. Hurricane Bob’s best track positions are indicated by the

hurricane symbol.

PV advections is small, however, with a maximum rate
of about 0.05 PVU per 12 h. The PV advection mag-
nitudes increase as Bob’s associated winds get stronger.
From 0000 to 1200 UTC 19 August, PV advection

magnitudes increase from 0.1 to 0.15 PVU per 12 h.’

Comparing the structure and magnitude of the PV ad-
vections with the evolution of the 700-mb PV anoma-
lies (e.g., Figs. 13a,b), however, we do not believe that
these perturbations are related to the so-called 8 gyres.

Thus, we find little evidence of the so-called 3 effect
in our analysis. But, in reality, Bob’s outer winds may
be stronger, giving more potential for such an effect
(though the horizontal PV gradients in the basic tro-
pospheric flow are relatively weak). It should be noted

that the NMC analyses may not have a horizontal res-
olution good enough to resolve S gyres (Reeder et al.
1991). Also, as pointed out by Reeder et al. (1992), it
is not certain how to meaningfully partition the hurri-
cane vortex, vortex-induced asymmetries, and the vor-
tex environment. Nevertheless, our observational anal-
ysis is unable to confirm whether such an effect occurs.
More work needs to be carried out to quantify this ef-
fect. :

e. Advection flow of Bob

Figure 15 shows the vector differences between the
850—-500-mb pressure-averaged calculated advecting
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(a

R
(c) 700 mb 12-HR PV ADV.

BY LS 910819/0000

flow (interpolated to the 850-500-mb pressure-aver-
aged balanced vortex center) and hurricane motion for
nine different times. These vector differences appear to
be random in direction. The statistics from the nine
different times show that the average magnitude of the
vector errors is 1.8 m s ™! with a standard deviation of
0.6 m s~'. The results are similar when using a single-
level (700 mb) advection flow (not shown here) or a
tropospheric averaged (850300 mb) advection flow,
except that there is a larger vector difference at 0000
UTC 20 August when using the latter. Overall, despite
the inherent limitations of the data, the advection flow
derived from the PV diagnostics is a fairly good ap-
proximation of Bob’s real movement. The result indi-
cates that such a PV approach can be useful in under-
standing hurricane movement. The result also implic-
itly suggests that, at least for Bob, the primary
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(b) 700 mb 12-HR

AV
(d) 700 mb 12~HR PV ADV. BY LS 910819/1200
FIG. 14. The 12-h 700-mb Ertel’s potential vorticity advection by the balanced flow associated with LS. (a) At 0000 UTC 18, (b) at 1200
UTC 18, (c) at 0000 UTC 19, and (d) at 1200 UTC 19 August 1991. The unit is 0.01 PVU (12 h)™', and the contour interval is 0.025 PVU

(12 h)~*. All positive (negative) values are represented by solid (dashed) lines. Hurricane Bob’s best track positions are indicated by the
hurricane symbol.

hurricane circulation has little direct effect (via LS) on
its own motion.

As indicated by Fig. 8c, there is a mean westerly
vertical shear of about 5 m s~' between 200 and 700
mb over Bob at 1200 UTC 18 August. The advection
flow at each level at 0000 and 1200 UTC 19 August is
illustrated in the hodographs in Fig. 16. The vertical
shear in the advection flow between 200 and 700 mb
is a west-southwesterly at 4 m s~' on 0000 UTC 19
August and a southerly at 10 m s~' on 1200 UTC 19
August. In general, Bob’s motion correlates most
closely with the midtropospheric (850400 mb) flow,
and at these two times, Bob moves north-northwest rel-
ative to the defined advection flow.

To deduce how the NMC data would perform in es-
timating the hurricane steering wind using traditional
methods, we use the same data to construct the annular
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FiG. 15. Velocity vector differences between the 850-500-mb
pressure-averaged advection flow and Bob’s motion from 1200 UTC
16-20 August 1991. The 850—500-mb pressure-averaged balanced
vortex center is used for interpolation.

average wind surrounding the hurricane similar to the
5°-7° band average wind. This is done by averaging
the wind field over 28 grids surrounding the hurricane
(illustrated in Fig. 17). Figure 18 shows the vector er-
rors between the annular average wind and storm mo-
tion. The statistics from the nine different times show
that the average magnitude of the vector difference is
2.7 m s™" with a standard deviation of 0.9 m s~'. Al-
though such a steering flow roughly estimates the real
storm motion, a quantitative comparison with Fig. 15
- shows that vector errors between the traditional method
and storm motion are much larger than for the PV ap-
proach. ,

Compared to the annular mean winds, our analysis
provides a more dynamically consistent method of de-
termining the advection flow through the hurricane cen-
ter. In addition, the PV framework is conceptually more
concise, and allows one to study the essential dynam-
ical mechanism responsible for hurricane motion.

5. Summary

In this paper, we reviewed the present state of un-
derstanding of the concept of hurricane steering (ad-
vection), developed a new method to determine the
steering (advection) flow of a storm using the PV
invertibility principle, and presented a diagnostic
study of the motion of Hurricane Bob using potential
vorticity methodology. An example of the diagnosis
is illustrated for 1200 UTC 18 August. We find that
the NMC analyses capture the time evolution of Bob
fairly well, except that the gridded analyses typically

underestimate Bob’s intensity. We also demonstrate
that the height and wind fields from the NMC anal-
yses are close to a state of nonlinear balance. We
show that the background horizontal PV gradient is
concentrated near the tropopause and that the mag-
nitudes of PV anomalies are typically much stronger
in the upper troposphere than elsewhere. This is true
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not only in midlatitudes but also in the subtropics,
where some hurricanes originate.

The PV perturbations are separated into three pieces:
one including the upper four pressure levels (U) and
the other two comprising the lower six levels (LE and
LS). Our analysis is able to demonstrate how each in-
dividual PV anomaly contributes to Bob’s motion. For
example, we are able to identify which PV features in

U are most influential in advecting Bob. This case study

demonstrates that Bob is a hurricane that strongly in-
teracts with midlatitude synoptic-scale upper-level
waves.

By studying the time evolution of the PV field, we
also investigate the validity of WEM’s theoretical hy-

(a)

10 U @s)

(b)

[ 5 10 U /)
F1G. 16. Velocity vectors of total advection flow at each level and
Hurricane Bob’s motion at (a) 0000 UTC and (b) 1200 UTC 19
August 1991. The hurricane advection flow is defined as the inter-
polation of the balanced flows associated with mean, U, and LE to
the 850—500-mb pressure-averaged balanced vortex center. TC in-
dicates Bob’s motion estimated from every 6-h best track position.
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pothesis and the so-called 3 effect. Our analyses show
that an upper-level negative PV anomaly, located
above and downshear from Bob, strengthens as Bob
evolves. Our preliminary analysis suggests that this
negative PV anomaly has a significant effect on Bob’s
motion, especially at later stages. However, we are not
sure how this PV anomaly is generated. Whether this
observational analysis supports WEM’s hypothesis,
that the negative PV anomaly diabatically generated by
the hurricane may influence storm motion, is contin-
gent upon our ability of being able to show that the
negative PV anomaly aloft (W3 and/or W4) is indeed
diabatically produced by Bob itself. More work needs
to be done, however, to distinguish which part of the
negative PV anomaly (if any) is actually generated by
the cyclone.

We also observe that a lower-level negative PV
anomaly is always found to the east-northeast of Bob,
and this PV anomaly plays an important role in ad-
vecting Bob. However, we do not find enough evidence
to conclude that this anomaly was developed through
the advection by the storm winds of the background
PV field. ‘

Finally, we define the hurricane advection flow as
the balanced flow, at the storm center, associated with
the whole PV distribution, excluding the positive PV
anomaly of the hurricane itself. Our results from nine
different times indicate that the advection flow derived
from our method approximates Bob’s actual motion
well. We emphasize that an additional advantage of PV
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F1G. 17. Illustration of the location of the 28 grids (-) used
to mimic the 5°-7° latitude annular average.
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FiG. 18. Velocity vector differences between the 850-500-mb
pressure-averaged annular mean flow (interpolated to the 850-500-
mb pressure-averaged balanced vortex center) and Bob’s motion
from 1200 UTC 16-20 August 1991. The 850-500-mb averaged
balanced vortex center is used for interpolation.

diagnostics is that it not only offers a consistent way to
detect the flow through the hurricane center but it is
also capable of helping to determine how individual
dynamical features contribute to the advection of the
cyclone.

In a companion paper (Wu and Emanuel 1995), the
study of two other cases (Tropical Storm Ana of 1991
and Hurricane Andrew of 1992) will be discussed.
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