
Introduction
Over the past decade the number of numerical weath-
er prediction (NWP) models capable of producing
high-quality tropical cyclone (TC) track forecasts has

grown. Today, for the southern hemisphere, forecast-
ers at the Joint Typhoon Warning Center (JTWC) rou-
tinely use TC track forecasts from eight operational
NWP models. Two of these models are run opera-
tionally at the Fleet Numerical Meteorology and
Oceanography Center (FNMOC), the Navy
Operational Global Atmospheric Prediction System
(NOGAPS; Hogan and Rosmond 1991; Goerss and
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Tropical cyclone (TC) track forecasting skill of operational
numerical weather prediction (NWP) models and their consen-
sus is examined for the southern hemisphere for the period
1992 to 2004. The TC track forecasting skill of the operational
NWP models has been steadily improving. For the southern
hemisphere, the typical 72 h model forecast error has decreased
from roughly 550 km to 400 km over the past ten years and is
now comparable to the typical 48 h model forecast error ten
years ago. In this study we examine the performance of con-
sensus aids that are formed whenever the TC track forecasts
from at least two models from a specified pool of operational
NWP models are available. The 72 h consensus forecast error
has decreased from about 350 km to roughly 310 km over the
past ten years. For a homogeneous dataset from the 2002-2004
seasons, the 72 h forecast errors for a consensus computed from
a specified pool of 2, 3 and 5 models were 347, 342 and 312 km,
respectively. While the addition of models to the consensus has
a modest impact on forecast skill, it has a more marked impact
on consensus forecast availability. For the 2002-2004 seasons,
the forecast availability for 72 h consensus forecasts computed
from a pool of 2, 3 and 5 models was 69%, 74% and 85%,
respectively. Preliminary results using the 2003-2004 seasons
indicate that the addition of two Australian models and a
barotropic model increases the forecast availability by a few
per cent at the 24 h, 48 h and 72 h forecast periods.
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Jeffries 1994), and the Geophysical Fluid Dynamics
Laboratory (GFDL) Hurricane Prediction System
(GFDN; Kurihara et al. 1993, 1995, 1998; Rennick
1999). The United Kingdom Meteorological Office
global model (UKMO; Cullen 1993; Heming et al.
1995), the National Centers for Environmental
Prediction (NCEP) global spectral model (GFS; Lord
1993), and the fifth-generation Pennsylvania State
University/National Center for Atmospheric Research
(NCAR) mesoscale model run operationally by the
Air Force Weather Agency (AFWA; Grell et al. 1995)
complete the suite of models for which forecasts have
been available to JTWC for at least three seasons.
The two Australian regional models TC-LAPS
(Davidson and Weber 2000) and the Tropical Limited
Area Prediction System (TLAPS; Puri et al. 1998)
and one barotropic model (WBAR; Weber 2001) have
been added recently to bring the total to eight. A time-
line indicating when TC track forecasts from these
eight NWP models became available to the forecast-
ers at JTWC is shown in Fig. 1.

The benefits of consensus forecasting have long
been recognised by the meteorological community
(Sanders 1973; Thompson 1977). Leslie and
Fraedrich (1990) and Mundell and Rupp (1995)
applied this approach to TC track prediction and illus-
trated the forecast improvement that resulted from
using linear combinations of forecasts from various
TC track prediction models. Goerss (2000) first illus-
trated the superior TC track forecast performance of
consensus forecasts formed using operational NWP
models. Currently consensus forecast aids are rou-
tinely used by the forecasters at both JTWC and the
National Hurricane Center.

In the next section we describe how the TC fore-
cast tracks from the individual NWP models are pre-
pared for use and how the consensus forecast is deter-
mined. In subsequent sections we examine the fore-
cast performance for the southern hemisphere of indi-
vidual NWP models and various consensus forecasts
and present a summary of our results followed by a
discussion of their implications for the future.

Methods
Forecast tracks discussed in this paper are processed as
they are in an operational environment using the
Automated Tropical Cyclone Forecasting System
(ATCF; Sampson and Schrader 2000). Since forecast
track outputs for the NWP models become available to
the forecaster six or 12 hours after NWP model run-
time, they arrive too late to be used directly. Instead,
the NWP model tracks are interpolated to intermediate
times, and then interpolated positions are relocated to

reflect the forecaster-analysed (best track) position.
The version of the interpolator used in this study is sim-
ilar to that described in Goerss et al. (2004) with one
exception – cubic spline interpolation has been
replaced by linear interpolation. The names of the
interpolated tracks are: NGPI for NOGAPS, EGRI for
the UKMO model, GFNI for GFDN, JAVI for the
NCEP GFS, AFWI for AFWA, TCLI for the TC-LAPS,
TLAI for the TLAPS and WBAI for WBAR.

A consensus for a given forecast period is a simple
average of the interpolated positions which pass the
quality control described in Goerss et al. (2004). An
attempt is made to compute a consensus forecast at
the 12 h, 24 h, 36 h, 48 h, 72 h, 96 h and 120 h fore-
cast periods. This consensus is computed if two or
more members exist for a given forecast period. If
less than two members exist, the consensus forecast is
not computed.

The seasons* are grouped into four distinct periods
for statistical analysis: 1993-1997, 1998-2001, 2002-
2004 and finally 2003-2004. The purposes of this
division are: (a) to obtain sample sizes large enough
to produce stable statistical results; and (b) to group
years with approximately the same number of avail-
able models. The two-model consensus contains the
NOGAPS and the UKMO model which were the only
NWP models available during the 1993-1997 seasons.
The NOGAPS, the UKMO model and GFDN were

available during the 1998-2001 seasons and comprise
the three-model consensus. The 2002-2004 seasons
featured five models (NOGAPS, the UKMO model,
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Fig. 1 Timeline indicating NWPmodel forecast track
availability at JTWC. Dashed lines indicate
forecasts to 72 h while solid lines indicate fore-
casts to 120 h. Vertical bars indicate start of
calendar year.

* At JTWC, a southern hemisphere tropical cyclone season is defined
as extending from July to June. For example, the 2004 season is from
1 July 2003 to 30 June 2004.



GFDN, the AFWA model and GFS) that comprise the
five-model consensus. During the 2003-2004 seasons,
TC-LAPS, TLAPS and WBAR became available and
brought the suite of available models to eight.
Although the sample size for the complete suite of
eight models is small, results will be presented as they
are of interest to southern hemisphere tropical
cyclone forecasters. Statistical analysis is limited to
intensities (one-minute mean maximum wind speeds)
of 13 m/s (25 kn) or greater in the JTWC best tracks.

Results
First, we examine the forecast performance of the
interpolated versions of the two NWP models that
have been available to the JTWC forecasters since the
1993 southern hemisphere season: NOGAPS and
UKMO. The forecast errors for the NGPI (the inter-
polated NOGAPS) and EGRI (the interpolated
UKMO model) for the 1993-1997, 1998-2001 and
2002-2004 seasons are displayed in Fig. 2. We see
that the 24 h forecast error for NGPI has declined over
the decade from about 230 km to 170 km, the 48 h
forecast error has declined from about 400 km to
about 300 km, and the 72 h forecast error has declined
from 550 km to about 410 km. The 24 h, 48 h and 72
h forecast errors for EGRI have declined from about
210 km to 170 km, 350 km to 290 km, and 530 km to
380 km, respectively, over the decade. Generally,
these NWP model forecasts have improved such that
the 72 h forecasts today are about as accurate as the
48 h forecasts from the early 1990s.

Mean forecast errors for the five-model consensus
and each of its members are shown in Fig. 3. For the
period of record, the 2002-2004 seasons, the mean
forecast errors of the five-model consensus are lower
than those of any of its members. Since this compari-
son is homogeneous, it requires that all of the consen-
sus members are available to form the five-model
consensus. Operationally, we only see a consensus
computed using all five members about 25 per cent of
the time.

A homogeneous comparison of 2002-2004 sea-
son forecast performance for consensus forecasts is
shown in Fig. 4(a). The two-model consensus is a
consensus of the two models available since the
1993 season (NGPI and EGRI), the three-model
consensus is a consensus of three models available
since the 1998 season (NGPI, EGRI and GFNI), and
the five-model consensus is a consensus of five
models available since 2002 (NGPI, EGRI, GFNI,
AFWI and JAVI). The number of model forecasts
available to each consensus varies since we only
require forecasts from two or more of the models to
compute the consensus. When only NGPI and EGRI

are available, the two-model, three-model and five-
model consensus forecasts are all the same forecast.
It is when GFNI, AFWI and/or JAVI is/are available
that the two-model, three-model and five-model
consensus forecasts may differ. Inclusion of more
models in the consensus has resulted in small but
consistent gains in skill. The 24 h two-model, three-
model and five-model consensus mean forecast
errors were 151 km, 148 km and 140 km, respec-
tively. We see similar results for all forecast lengths
out to 72 h where two-model, three-model and five-
model consensus mean forecast errors are 347 km,
342 km and 312 km, respectively. Errors for the
three-model consensus are not shown at 96 h and
120 h because GFNI was not available beyond 72 h
(Fig. 1). On the other hand, the five-model consen-
sus includes JAVI, which extends to 120 h. The five-
model consensus mean forecast errors at 120 h are
499 km compared with 529 km for the two-model
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Fig. 2 Mean position errors (km) for (a) the interpo-
lated NOGAPS forecasts – NGPI and (b) the
interpolated UKMO model forecasts – EGRI
for the southern hemisphere seasons 1993-
1997 (solid black), 1998-2001 (hatched) and
2002-2004 (solid grey).



and three-model consensus forecasts. At all forecast
lengths, the consensus outperformed the best indi-
vidual interpolated model in the mean for this peri-
od of record. It is possible to find an individual
model that outperforms the five-model consensus
for a short period, but it is difficult to pre-select that
model.

We have seen that addition of models to the con-
sensus results in small but consistent gains in skill.
However, this is not the only benefit of making
more models available to the consensus. By increas-
ing the number of models in the specified pool
available to the consensus, we make it more likely
that forecasts from at least two models will be avail-
able and that a consensus forecast can be formed. In
Fig. 4(b), the availability percentages for the various
consensus models for the 2002-2004 seasons are
displayed. We define the forecast availability per-
centage to be the percentage of the time that con-
sensus forecasts were available with respect to a
southern hemisphere CLIPER forecast (Neumann
and Randrianarison 1976). We choose the southern
hemisphere CLIPER for a forecast availability base-
line because it is one of very few models that pro-
duce forecasts nearly 100 per cent of the time the
forecaster runs the objective guidance on the ATCF.
Normally we would use the JTWC forecast as the
baseline, but JTWC only forecasts for roughly 50
per cent of the six-hourly forecast cycles and usual-

ly only forecasts out to 48 h. The availability per-
centages for the two-model, three-model and five-
model consensus forecasts at 72 h were 69, 74 and
85 per cent, respectively. By increasing the number
of models in the specified pool from 2 to 5, we have
significantly increased the percentage of the time
that forecasts from at least two of the models are
available so that a consensus forecast can be creat-
ed. For all forecast lengths, the availability of the
two-model consensus ranged from 57 to 75 per cent
while that for the five-model consensus ranged from
79 to 87 per cent. To an operational forecaster, this
increase in availability may be just as valuable as
the increase in forecast skill.
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Fig. 3 Mean forecast errors (km) for NGPI (black),
EGRI (descending hatch), JAVI (ascending
hatch), GFNI (vertical hatch), andAFWI (hor-
izontal hatch) and a five-model consensus
(grey). The data are a homogeneous set from
the 2002-2004 seasons. The number of cases is
402, 300 and 194 for 24 h, 48 h and 72 h,
respectively.

Fig. 4 (a) Mean consensus forecast errors (km) and
(b) forecast availability relative to CLIPER
(per cent) for the two-model consensus (black),
the three-model consensus (hatched), and the
five-model consensus (solid grey). The data are
a homogeneous set from the 2002-2004 sea-
sons. Until late in 2004, the two-model and
three-model consensus forecasts were identical
at 96 h and 120 h. Sample sizes are 1197, 979,
763, 555 and 380 at 24 h, 48 h, 72 h, 96 h and
120 h, respectively.



Three additional NWP models have recently
become available to JTWC (Fig. 1). Although the
period of record is short and the number of forecasts
is small, an eight-model consensus increases the
forecast availability (using CLIPER as the baseline)
from 87 per cent to 90 per cent at 24 h, from 86 per
cent to 90 per cent at 48 h, and from 84 per cent to
88 per cent at 72 h for the 2003-2004 seasons.
Results of a homogeneous comparison of the eight-
model and five-model consensus forecast errors
shows less than one per cent difference between the
two at all forecast periods.

Conclusions
In conclusion, we have seen that the TC track fore-
casting skill of NWP models for the southern hemi-
sphere has improved over the past decade. This
improvement has contributed to a similar improve-
ment in consensus forecasts created from these
NWP models. We have also seen that the addition of
models to the consensus results in improvements to
both consensus track forecast skill and consensus
forecast availability. Finally, we have seen the fore-
casters successfully integrate consensus forecasting
into their operational procedures at JTWC. While a
consensus demonstrates superior performance with
respect to the individual NWP models in the long
run, forecasts from individual models can certainly
outperform a consensus in the short run. The fore-
casters use consensus as a baseline or starting point,
then modify the forecast as they see fit. In the future,
as the TC track forecasting skill of NWP models
continues to improve and as more high-quality NWP
models become available, we can look forward to
further improvement in consensus track forecast
skill and forecast availability.
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