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1. INTRODUCTION

The National Hurricane Center tropical cyclone
(TC) track predictions have steadily improved due to
advancements in guidance. However, gains in intensity
forecast skill lag behind track forecast skill. While statis-
tical models, such as the Statistical Hurricane Intensity
Prediction Scheme (SHIPS) and the Logistic Growth
Equation Model (LGEM), tend to outperform dynamical
models, improvements to statistical intensity forecasts
have slowed in recent years (Kaplan et al. 2010). For
statistical models to continue to gain skill, new methods
and improvements to current techniques must be applied.

The Balanced Vortex Model (BVM) and the asso-
ciated transverse circulation and geopotential tendency
equations offer one possible technique for improving TC
intensity guidance. Through theoretical studies (Eliassen
1951, Shapiro and Willoughby 1982, Schubert and Hack
1982, Hack and Schubert 1986, Nolan et al. 2007, Vigh
and Schubert 2009, and Musgrave et al. 2012), the BVM
shows that the placement of diabatic heating in relation
to the inertial stability regions around the radius of maxi-
mum wind (RMW) account for TC behavior and develop-
ment. As a first step towards understanding how the BVM
would predict TC intensity for real storms in the Atlantic
and Eastern Pacific Ocean basins, forecast fields from
the Hurricane Weather Research and Forecasting model
(HWRF) are applied to the BVM equations (Gopalakrish-
nan et al. 2011).

2. BALANCED VORTEX MODEL

The BVM assumes inviscid, axisymmetric, quasi-
static, gradient-balanced motions of a stratified atmo-
sphere on an f -plane. The BVM used here has a log-
pressure coordinate system, z = H ln(p0/p), where H =
RT0/g is the constant scale height and p0 and T0 are con-
stant reference values. H ≈ 8.79 km when p0 and T0 are
chosen to be 1000 hPa and 300 K. The governing equa-
tions for the BVM are “
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where u and v are the radial and tangential components
of the velocity field [m s−1], w is the log-pressure vertical
velocity [m s−1], φ is the geopotential [m2 s−2], f is the
Coriolis parameter [s−1], cp is the specific heat capacity
at constant pressure [J kg−1 K−1], ρ(z) = ρ0 exp (−z/H)
is the pseudodensity [kg m−3], ρ0 = p0/(RT0) ≈ 1.16 kg
m−3 is the constant density, and Q is the diabatic heating.

Following the procedure presented by Eliassen 1951,
Vigh and Schubert 2009, and Musgrave et al. 2012, the
geopotential tendency equation is
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where φt = ∂φ/∂t, A is the static stability, B is the baro-
clinity, C is the inertial stability, D = AC − B2. When
D > 0, (6) satisfies the condition for ellipticity. The result-
ing partial differential equation can be further reduced to
produce the ordinary differential equation for the temper-
ature tendency
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From (7), a conceptual model is built. If the diabatic
heating Q̂/cp is located outside of the RMW in the low
inertial stability region, the TC will not undergo large in-
tensity changes. However, if diabatic heating is located
within the high inertial stability region inside the RMW, a
localized temperature tendency develops allowing for an
increase in TC intensity.

3. HWRF DATA AND THE BVM

To assess the conceptual model presented in the
previous section, 2011 forecast fields from HWRF will
be used with the BVM equations. To make a prediction,
the BVM requires an azimuthally averaged profile of
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tangential velocity, relative vorticity, and diabatic heating
to generate the tangential velocity tendency for a given
period. In this study, the BVM will be applied to the
typical flight level (700 hPa) of hurricane reconnaissance
aircraft in preparation for use with real data. To “initialize”
the BVM, profiles are generated from each HWRF
forecast time represented in the National Hurricane
Center A-Deck (an Automated Tropical Cyclone Fore-
casting (ATCF) formatted product that provides track and
intensity information from model guidance) (Sampson
and Schrader 2000).

The HWRF data is filtered to only include storms in
which diabatic heating is present at 700 hPa and where
land is further than 11.1 km (0.1 degrees) from the center
of the TC. Also, only dates after 3 August 2011 are used
to avoid potential inconsistencies with the mid-season
changes to HWRF. The sample includes 15 Atlantic
named storms (05L to 19L) and 10 Eastern Pacific
named storms (06E to 13E) with 4800 and 3200 BVM
forecasts respectively using the procedure described
below.

This study only shows 6 hr BVM predictions using the
6 hr to 120 hr forecast fields from HWRF. The first 6 hr of
the HWRF run is not included to avoid the spin-up pe-
riod.The general procedure for making BVM predictions
is as follows. The 6 hr HWRF forecast field is used to
generate profiles of tangential velocity, relative vorticity,
and diabatic heating. These variables are treated as the
BVM “initial conditions.” Then a 6 hr prediction is made
and the BVM result is compared to the 12 hr HWRF fore-
cast fields. The procedure is then repeated using the 12
hr HWRF forecast fields as the “initial conditions.” This
continues until the end of the HWRF forecast period (120
hr). As an example from 2011, initial conditions are cre-
ated from the 54 hr forecast of HWRF on 1200 UTC 30
August for Katia. The 6 hr BVM prediction is then verified
using the 60 hr HWRF forecast field from the same model
run.

4. RESULTS

To show the effects of diabatic heating on the BVM
tangential wind tendency from HWRF data, two relatively
ideal HWRF cases are selected. The first has the peak
diabatic heating located within the high inertial stability re-
gion of the TC. The second contains a peak diabatic heat-
ing outside the high inertial stability region. After showing
the two relatively ideal cases, the skill of determining TC
intensity change through the BVM using HWRF data is
assessed for the 2011 Atlantic and Eastern Pacific Hurri-
cane Season.

4.1 Inside the High Interial Stability Region

In the first example of a prediction from the BVM, a
case is selected where the diabatic heating is within the
high inertial stability region inside the radius of maximum
tangential velocity. The “initial” fields are taken from the
Irene 78 hr forecast on 1800 UTC August 2011 with the
tangential velocity verification from the 84 hr forecast (Fig.
1a). The BVM intensified the storm and responded to the

secondary peak in the diabatic heating which is outside
the radius of maximum tangential velocity. Also, HWRF
widened the storm slightly but has the same maximum
intensity. While this slight variation exists, the BVM is in
rather close agreement with HWRF.

50 100 150 200 250 300
0

10

20

30

40

50

60

v(
r)

 [
m

 s
−

1
]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

ζ(
r)

 [
1

0
−

3
 s
−

1
]

0

5

10

15

20

25

30

35

Q̂
/c
p
 [
K

 6
 h

r−
1
]

50 100 150 200 250 300

r [km]

0

10

20

30

40

50

60

v(
r)

 [
m

 s
−

1
]

0.0

0.5

1.0

1.5

2.0

2.5

ζ(
r)

 [
1

0
−

3
 s
−

1
]

0

2

4

6

8

10

12

14

16

Q̂
/
c p

 [
K

 6
 h

r−
1
]

Azimuthally Averaged BVM and HWRF Profiles
v(r), ζ(r), and Q̂/cp(a)
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FIG. 1. Azimuthally averaged profiles of tangential velocity v(r)

(blue), relative vorticity ζ(r) (red), diabatic heating Q̂/cp (gray)
taken from HWRF and used as initial conditions in the BVM. Pro-
files of tangential velocity v(r) for the 6 hr BVM prediction (green
solid line) and verification from HWRF (green dashed line). (a)
HWRF profiles and BVM prediction from the Irene 78 hour fore-
cast on 1800 UTC August 2011 with the peak in diabatic heating
located within the high inertial stability region inside the RMW
at 700 hPa. (b) HWRF profiles and BVM prediction from Katia
24 hr forecast on 0000 UTC 01 September 2011 with the peak
in diabatic heating located within the low inertial stability region
outside the RMW at 700 hPa.
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FIG. 2. Prediction comparison between the BVM and HWRF for the Atlantic (top row) and the Eastern Pacific (bottom row) for a 6
hr prediction made using HWRF forecasts starting on 1200 UTC 3 August 2011 to the end of the season. In each plot, HWRF is
on the abscissa and the BVM is on the ordinate. The one-to-one correlation is the black diagonal line. Plots are shaded relative to
normalized values for number of cases to give a sense of the general trend for each basin.. Blues indicated a low number of cases
and reds indicated a high number of cases. (a) & (e) Comparisons of the maximum azimuthally averaged tangential velocity. (b) & (f)
Comparisons of the change in maximum azimuthally averaged tangential velocity. (c) & (g) Comparisons of the radius of maximum
azimuthally averaged tangential velocity. (d) & (h) Comparisons of the change in radius of maximum azimuthally averaged tangential
velocity.

4.2 Outside the High Interial Stability Region

For another prediction from the BVM, a case is se-
lected where the diabatic heating is within the low iner-
tial stability region outside or near the radius of maximum
tangential velocity. The “initial” fields are taken from the
Katia 24 hr forecast on 0000 UTC 01 September 2011
with the tangential velocity verification from the 30 hr fore-
cast (Fig. 1b). In this case, the BVM increases the peak
velocity slightly as well as wind profile further from the ra-
dius of maximum intensity. In this case, the BVM is not
able to match the intensity change shown by HWRF.

4.3 2011 Hurricane Season

To evaluate the BVM predictions for the Atlantic and
Eastern Pacific 2011 Hurricane Season, general trends
in predicted maximum intensity, intensity change, radius
of maximum intensity, and change in radius of maximum
intensity are assessed. Fig. 2a shows the predicted
tangential velocity of the HWRF versus the BVM. In the
figure, the BVM appears to underestimate mid-intensity
TCs (30-50 m s−1) while overpredicting TCs greater than
55-60 m s−1. This underprediction can be seen in the
upper right quadrant of Fig. 2b. The BVM falls short
of the one-to-one correlation but is still intensifying the
storms. Fig. 2b also highlights an expected result. Since

the BVM does not allow for decay, no change in intensity
for the BVM is expected. Fig. 3a also demonstrates
that the BVM does not change intensity for cases where
HWRF dissipates the storm. For intensifying storms, the
BVM and HWRF distribution are rather similar especially
for larger intensity changes. In Fig. 2c and 2d, both the
BVM and HWRF show little variation in the radius of
maximum tangential velocity for the 6 hr period.

In the Eastern Pacific, the same trend of overpredict-
ing strong TCs can been seen in Fig. 2e. However,
mid-intensity TCs do not appear underpredicted. Fig.
2f shows that HWRF is actually dissipating most of the
storms in the Eastern Pacific which means that the BVM
is maintaining the storms initial tangential velocity profile.
Fig. 3b also shows less variation in intensity for the BVM.
The changing in radius of maximum intensity has more
variability than in the Atlantic (Figs. 2g and 2h). For the
Eastern Pacific, the BVM does not vary the radius much
as a result of the tangential velocity tendency being zero.

5. DISCUSSION

Musgrave et al. (2012) show that the BVM is highly
sensitive to the placement of the diabatic heating in



relation to the inertial stability and the RMW wind. With
HWRF in the 2011 season having a resolution of 8 km
with grid output of 11 km (0.1 degrees), the placement of
the diabatic heating in the BVM “initial” fields may not be
conducive to TC development. In addition, Fig. 2 shows
that the BVM begins overpredicting intensity change
when HWRF reaches a maximum attainable velocity
around 55-60 m s−1 while underpredicting mid-intensity
storms.
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FIG. 3. Normalized histograms of the change in intensity for the
Atlantic (a) and Eastern Pacific (b) 2011 Hurricane Season. The
change in intensity is binned by 2 m s−1 from -10 to 10 m s−1.
HWRF is in red and the BVM is in blue.

There are two explanations for the differences
between the BVM and HWRF forecasts. First, HWRF
could be allowing diabatic heating to enter the high
inertial stability region during the mature phase of TC
development. Second, the assumptions made in the
BVM do not allow for friction and diffusion to keep the
model in alignment with the HWRF forecasts. The
placement of the diabatic heating is also an issue for
weaker TCs. In HWRF, weaker TCs tend to have the
diabatic heating located near the radius of maximum
tangential velocity but still within the low inertial stability
region (not shown here).

Another issue related to the model and the diabatic
heating is in how the BVM is run using the fields from
HWRF. For this study, the BVM extends the instanta-
neous diabatic heating profile at 700 hPa for the entire
6 hr period. While this assumption would work well for
steady development, the results would indicate that using

an instantaneous profile does not adequately depict the
storm.

The comparison of the BVM to HWRF reveals key
features and issues related to how the BVM would re-
act to observations. As shown in the results section, the
BVM predicted tangential velocity is highly sensitive to the
amount and position of the diabatic heating. When shift-
ing to running the BVM on real data, attention will need to
be given to the location and amount of diabatic heating in
relation to the inertial stability region.
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