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ABSTRACT

The Weber barotropic model (WBAR) was originally developed using predefined 850–200-hPa analyses
and forecasts from the NCEP Global Forecasting System. The WBAR tropical cyclone (TC) track forecast
performance was found to be competitive with that of more complex numerical weather prediction models
in the North Atlantic. As a result, WBAR was revised to incorporate the Navy Operational Global At-
mospheric Prediction System (NOGAPS) analyses and forecasts for use at the Joint Typhoon Warning
Center (JTWC). The model was also modified to analyze its own storm-dependent deep-layer mean fields
from standard NOGAPS pressure levels. Since its operational installation at the JTWC in May 2003,
WBAR TC track forecast performance has been competitive with the performance of other more complex
NWP models in the western North Pacific. Its TC track forecast performance combined with its high
availability rate (93%–95%) has warranted its inclusion in the JTWC operational consensus. The impact of
WBAR on consensus TC track forecast performance has been positive and WBAR has added to the
consensus forecast availability (i.e., having at least two models to provide a consensus forecast).

1. Introduction

The Weber barotropic model (WBAR), a tropical
cyclone (TC) track prediction model (Weber 2001), was
originally developed using predefined 850–200-hPa
deep-layer mean analyses and forecasts (DLMs) from
the National Centers for Environmental Prediction’s
(NCEP) Global Forecasting System (GFS) as initial
and boundary conditions. WBAR was found to pro-
duce more skillful TC track forecasts than other baro-
tropic models in the North Atlantic, and its TC track
forecast performance was competitive with that of
more complex numerical weather prediction (NWP)
models. Much of the credit for its superior performance
was attributed to the careful removal of unwanted fea-
tures such as mislocated weak vortices (Weber 2001).

To develop a fully operational version for the Joint
Typhoon Warning Center (JTWC), WBAR was modi-

fied to use gridded data from the Navy Operational
Global Atmospheric Prediction System (NOGAPS) as
initial and boundary conditions. It was suspected that
construction of storm-dependent DLMs (i.e., mass-
weighted vertical averages of each field provided on
standard pressure levels) instead of fixed DLMs as in
the experimental version (Weber 2001) might improve
the TC track forecast performance of the WBAR.
Therefore, a method was developed to determine vari-
able DLMs for the U.S. Navy version of WBAR on the
basis of a statistical evaluation. For initial implementa-
tion in 2003, the 2002 performance of all possible real-
izations of WBAR (sets of runs using all NOGAPS
single-level analyses and forecasts and all possible
DLM combinations thereof) was assessed for different
storm parameters (latitude, longitude, intensity, direc-
tion of motion, storm translation speed, radius of maxi-
mum wind speed, radius of outermost closed isobar,
and date). The statistical evaluation was repeated for
the 2003 season, and WBAR storm-dependent DLMs
were updated in 2004.

The number of NWP models capable of producing
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high quality tropical cyclone track forecasts has grown
in recent years. Currently, there are nine NWP models
that routinely produce skillful track forecasts in the
western North Pacific basin for operational use at
JTWC. Three of these models are run operationally at
the Fleet Numerical Meteorology and Oceanography
Center: NOGAPS (Hogan and Rosmond 1991; Goerss
and Jeffries 1994), the Geophysical Fluid Dynamics
Laboratory (GFDL) Hurricane Prediction System
(Kurihara et al. 1993, 1995, 1998; Rennick 1999), and
the Coupled Ocean–Atmosphere Mesoscale Prediction
System (COAMPS1; Hodur 1997). Two models are run
operationally at the Japan Meteorological Agency
(Kuma 1996): the global spectral model and the ty-
phoon model. The remaining four models are the Met
Office (UKMO) global model (Cullen 1993; Heming et
al. 1995), the NCEP global spectral model (GFS; Lord
1993), the fifth-generation Pennsylvania State Univer-
s i ty–Nat iona l Center for Atmospher ic Re-
search Mesoscale Model (MM5; Grell et al. 1995) run
operationally by the Air Force Weather Agency
(AFWA), and the TC-Limited Area Prediction System
(TC-LAPS; Davidson and Weber 2000) run by the Aus-
tralian Bureau of Meteorology. At the JTWC these
NWP models are used to form a consensus as described
in Goerss et al. (2004), which serves as a track forecast
baseline. This paper discusses WBAR TC forecast per-
formance relative to the nine NWP models and
WBAR’s impact on the consensus forecasts.

2. Methods

The operational version of WBAR was installed as
part of the suite of models run on the Automated
Tropical Cyclone Forecast System (ATCF; Sampson
and Schrader 2000) and consists of a set of modules: a
bogus preprocessor, an initialization package, a DLM
analysis package for the NOGAPS analyses and fore-
casts, and finally the barotropic forecast model itself.
Except for the construction of variable DLMs from
global 1° spherical grid analyses and forecasts from
NOGAPS (zonal and meridional wind components and
geopotential height) on six standard levels (850, 700,
500, 300, 250, and 200 hPa) at 12-h intervals out to 72 h
discussed in section 1 and some minor modifications
that address the different computational environment
and the use of NOGAPS instead of GFS data, the
methods used in the current model correspond with
those described in Weber (2001). One extra set of

analyses is used from the NOGAPS run 12 h prior to
the current forecast for the computation of a smooth
temporal boundary condition at the initial time of the
forecast. For construction of the variable DLMs in the
DLM analysis package, the model requires the initial
tropical cyclone information described in section 1.

The NOGAPS data are extracted from a relational
database: the Tactical Environmental Data Server
(TEDS; Naval Research Laboratory 2004). The TEDS
retrieval is executed once for each warning cycle. The
WBAR model itself, however, must be run for each
individual tropical cyclone. On a typical 2004-vintage
Linux workstation, the complete 72-h WBAR forecast
is executed in about 1 min. WBAR runs after the
NOGAPS model run is complete and the NOGAPS
grids are sent to the TEDS at JTWC. Like the
NOGAPS forecast, the WBAR track forecast is then
available to the forecasters 6 h later. For the WBAR
track forecasts to be of the greatest use to the opera-
tional forecast centers, they must be adjusted to appear
as if they are for the current synoptic time.

JTWC has procedures in place to move the time-late
(6 or 12 h late) forecasts to the current time by running
an “interpolator.” NWP model tracks are first interpo-
lated to intermediate times, and then interpolated po-
sitions are relocated to reflect the forecaster-analyzed
(best track) position. The version of the interpolator
used in this study is similar to that described in Goerss
et al. (2004) with one exception—the cubic spline in-
terpolation has been replaced by linear interpolation,
which was found to yield slightly lower forecast errors.
The following are the names of the interpolated tracks:
WBAI for WBAR, NGPI for NOGAPS, EGRI for the
UKMO global model, JAVI for the NCEP GFS, JGSI
for the Japanese global spectral model, JTYI for the
Japanese typhoon model, GFNI for the GFDL Hurri-
cane Prediction System, COWI for COAMPS, AFWI
for the AFWA MM5, and TCLI for the TC-LAPS.

An added advantage in producing interpolated tracks
is that they can then be used to form a real-time con-
sensus. The consensus methods described in this paper
are simple averages of the members described in the
previous paragraph. An attempt is made to compute a
consensus forecast at each forecast period (12, 24, 36,
48, and 72 h). A consensus is computed if two or more
members exist for a given forecast period. If less than
two members exist, the consensus is not computed. In
the current operational tropical cyclone forecasting cli-
mate at JTWC, one test of the utility of a model like
WBAR is whether it either adds to the performance or
forecast availability of a consensus.

In this paper, the results presented are from recom-
puted interpolations and consensus forecasts using

1 COAMPS is a registered trademark of the Naval Research
Laboratory.
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methods described above and operational input. The
purpose of this is to ensure that all the interpolated
results are computed using the same version of the in-
terpolator, and to produce nine-model consensus re-
sults not produced in operations. Average differences
in performance between recomputed interpolations
and those produced in operations are less than 1%.
Nine-model consensus forecasts (consensus forecasts
with one model removed) are produced to examine the
effect of individual models on the operational 10-model
consensus (WBAI, NGPI, EGRI, JAVI, JGSI, JTYI,
GFNI, COWI, AFWI, and TCLI). For example, the
first nine-model consensus, formed to examine the ef-
fect of WBAI on the 10-model consensus, includes
NGPI, EGRI, JAVI, JGSI, JTYI, GFNI, COWI,
AFWI, and TCLI.

3. Results and conclusions

The WBAR model was installed, as described in the
previous section, in late May 2003. However, the ATCF
installation for 2003 was a major one and the WBAR
model was not executed routinely until approximately 9
June 2003. Hence, the evaluation period covered in this
paper is 9 June 2003–7 July 2004. Only forecasts for
which there are verifying JTWC forecasts are evaluated
and the tracks for the period are preliminary best
tracks; the final best tracks for this period were not
complete at the time this paper was submitted. Figure 1
shows the WBAI forecast errors for the period. In-
cluded in the figure is a homogeneous comparison with
the Climatology and Persistence forecasting scheme
(CLIPER; Neumann 1992) at JTWC, which serves as a
baseline for skill in track forecasting. The CLIPER
used here is the operational CLIPER. As seen in the
figure, the WBAI performance shows skill at the longer
forecast periods. The results for the 72-h period con-
firm the findings of Weber (2001) that barotropic mod-
els can produce valuable track guidance beyond fore-
cast periods of 48 h.

Of greater interest is a comparison of WBAI perfor-
mance with the nine NWP models discussed in the pre-
vious section, as shown in Fig. 2 for the 24-, 48-, and
72-h prediction times. For the period of record, WBAI
is neither the top nor the bottom performer for any of
the three forecast periods. The worst performer for all
three periods is AFWI.

One method of determining a model’s impact on the
10-model consensus is to compare results of a 9-model
consensus (without the model of interest) with those of
the 10-model consensus. Figure 3 shows head-to-head
comparisons of the forecast errors of each consensus
using 9 models with the forecast errors of the 10-model

consensus. The results are limited to forecast periods
for which the model of interest is available. For ex-
ample, TCLI was only available 212 times for the 24-h
period while WBAI was available 645 times. The im-
pact of each model on the consensus can then be shown
as the ratio of the errors of the 9-model consensus fore-
cast errors to the 10-model consensus forecast errors.

At all forecast lengths we see that WBAI has one of
the largest positive impacts upon the consensus fore-
casts despite the fact that its forecast errors are consid-
erably larger than those of some of the other models
(Fig. 2). Goerss (2000) found that the consensus fore-
cast error depends on two things: 1) the mean forecast
error of the individual models that constitute the con-
sensus and 2) the degree of independence (or the ef-
fective degrees of freedom) of the forecast errors of the
individual models.

To get a simple estimate of the independence of the
individual models, we expand on the theoretical back-
ground described in Goerss (2000). Forecast position
error Ei for model i is defined to be

Ei � �Ci
2 � Ai

2�1�2, �1�

where Ci and Ai are the across-track and along-track
errors, respectively. For simplicity, assume that, for ev-
ery i, Ci, and Ai are independent and normally distrib-
uted with zero mean and a constant standard deviation
�. Then it follows that Ei possesses a Rayleigh distri-
bution (Lindgren 1976) with mean

� � ����2�1�2, �2�

where � is the standard deviation of the cross- and
along-track error distributions. Because a consensus

FIG. 1. The 24-, 48-, and 72-h errors (km) of WBAI (triangles)
and the operational CLIPER (squares) for the period 9 Jun
2003–7 Jul 2004. The number of forecasts is shown in parentheses.
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FIG. 2. Average forecast errors relative to the WBAI (%) for each interpolated
NWP model forecast and for the period 9 Jun 2003–7 Jul 2004. Forecast errors shown
are at (a) 24, (b) 48, and (c) 72 h. Interpolated NWP models are as defined in the text.
Positive values indicate errors larger than WBAI. The number of forecasts is shown
in parentheses.
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FIG. 3. Average forecast errors relative to the 10-model consensus (%) for each con-
sensus consisting of nine models. Nine-model consensus errors are labeled with the
model that was removed from the consensus. Forecast errors shown are at (a) 24, (b) 48, and
(c) 72 h for the period 9 Jun 2003–7 Jul 2004. Positive values show the positive impact of the
labeled model on the 10-model consensus. The number of forecasts is shown in parentheses.
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forecast position is the mean of the individual model
forecast positions, the consensus across- and along-
track errors, denoted by Cc and Ac, respectively, are
simply the means of the across- and along-track errors
of the individual models. Therefore, for a consensus
with n members, Cc and Ac are normally distributed
(Hoel 1962) with zero mean and a standard deviation �c

defined as

�c � ��n1�2. �3�

The consensus error Ec also possesses a Rayleigh dis-
tribution with mean

�c � �c���2�1�2. �4�

Substituting the definition of �c in Eq. (3) into Eq. (4),
we get

�c � ����2n�1�2. �5�

In practice, the along- and cross-track errors of the
models are not independent, so we replace n in Eqs. (3)
and (5) with ne, the effective degrees of freedom. If the
forecast errors of the individual models were totally
uncorrelated, then ne would equal n; otherwise, ne

would be less than n. Solving Eq. (5) for �, substituting
into Eq. (2), and solving for ne, we obtain

ne � ����c�
2. �6�

We can now use Eq. (6) to estimate the model inde-
pendence using only mean model and consensus fore-
cast errors.

For example, suppose we have two models with re-
spective TC track forecast errors of 380 and 420 km and
a consensus forecast error of 320 km. The effective de-
grees of freedom for this two-model consensus can be
estimated by squaring the ratio of the average error of
the models (400 km) and the consensus error giving a
value of 1.56. If the consensus error had been 400 km,
the effective degrees of freedom would be 1.0, indicat-
ing that the forecast errors are completely dependent.
If the consensus error had been 283 km, the effective
degrees of freedom would be 2.0, indicating that the
forecast errors are completely independent. When we
examined every possible 2-model consensus that could
be formed using the 10 models, we found that the av-
erage effective degrees of freedom for those that in-
cluded WBAI as a member were 1.40, 1.54, and 1.61 at
24, 48, and 72 h, respectively. The average effective
degrees of freedom for two-model consensuses that did
not include WBAI ranged from 1.25 to 1.35, 1.30 to
1.40, and 1.34 to 1.47 at 24, 48, and 72 h, respectively.
Thus, the forecast errors for WBAI displayed more in-
dependence from those of the other nine models than

the forecast errors of any of the other nine models did
from each other. It is the greater independence of the
WBAI forecast errors compared with the other models
that results in WBAI having such a large positive im-
pact upon the consensus error despite its relatively
large forecast error. We suspect that this increased in-
dependence stems from WBAI being the only barotro-
pic model used in the consensus. We hypothesize that
the forecast errors for the other models, all of which are
baroclinic models with full physical parameterization
schemes, are more correlated with each other than they
are with the errors of the more simple barotropic
model.

For the forecast periods shown in Fig. 3, the impact
of adding any single model to the consensus is less than
10%. In some cases, the forecast performance is actu-
ally degraded slightly by adding a model to the consen-
sus. For example, the AFWI degrades the consensus
slightly at all three forecast times. However, inclusion
of AFWI for the entire period of record only degrades
the 10-model consensus by approximately 2% at 72 h.
Including 10 models in a consensus limits performance
degradation of any of its members due to bugs, vortex
tracker problems, upgrades, and data entry issues.

Increased forecast availability is an equally important
reason to include many members in a consensus. The
WBAI itself was available for 93%–95% of the verify-
ing JTWC forecasts. Consequently, the 10-model con-
sensus was available for approximately 99% of the of-
ficial forecasts compared with 98% for the consensus
without WBAI. Ideally, WBAI would be available for
100% of the JTWC forecasts, but problems with soft-
ware and NOGAPS input data used to run WBAR
have, so far, prevented that from occurring in opera-
tions. The end goal is to produce high quality consensus
forecasts for 100% of the JTWC forecasts so that there
is always a baseline for track forecasting. High quality
track forecasts are also useful in other situations. For
example, high quality track forecasts can be used in the
development of Tropical Cyclone Formation Alerts
and in forecasting extratropical transitions. The authors
suspect that inclusion of another skillful barotropic
model such as WBAR run with GFS input may add
value to these situations.
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