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1. Introduction
a. Systematic Approach background

(1) Objective. The long-range objective of the Systematic and Integrated Approach to
Tropical (TC) Cyclone Track Forecasting (hereafter the Systematic Approach) project is to bring
about significant quantitative and qualitative improvements in official TC track forecasts.
Desired quantitative improvements include: lower average forecast track errors (FTE), official
FTE's that are consistently better than the FTEs of the objective track forecast guidance available
to the forecaster, and a reduction in the number of track forecasts that have very large FTEs
(commonly referred to as "busts"). Unlike track forecasts provided by objective guidance (i.e.,
models), each official track forecast is accompanied by a subjective conceptual picture or
"meteorological scenario” in the mind of the forecaster. This conceptual picture provides the
meteorological basis for the official track forecast. The meteorological reasoning behind the
official forecast is routinely conveyed in both written and verbal forms (e.g., prognostic
reasoning messages and phone discussions) to other meteorologists and non-meteorologists to
help them understand and properly respond to the forecast. Thus, the meteorological reasoning of
the forecaster is a highly important, albeit qualitative, component of the official track forecast.
The Systematic Approach is designed to help the TC forecaster develop a meteorological basis
for the official track forecast that reflects dynamically-sound, state-of-the-science understanding
of tropical cyclone motion and track prediction. -

(2) Concept overview. In the conceptual framework of the Systematic Approach (Fig. 1.1), the
official track forecast results from the application of knowledge bases (right column) to various
sources of information (left column) via a series of evaluations (center column). The most
important components of the Systematic Approach are the TC Meteorological knowledge base
and the Model Traits knowledge base. For reasons explained below, the Model Traits knowledge
base is divided into two parts: Numerical Model Traits and Objective Technique Traits (Fig.
1.1). The Meteorological knowledge base (Fig. 1.2) is a set of conceptual models by means of
which the forecaster may assemble a conceptual picture to explain the observed (and predicted)
motion of the TC. Regardless of the basin in which the Systematic Approach is being applied,
the Meteorological knowledge base is organized into three components:

(1) environment structure that is comprised of a synoptic pattern and region, which determine the
large-scale steering flow that to first order is responsible for TC motion;

(11) TC structure that consists of a maximum wind speed (intensity), which affects the vertical
depth of the TC and thus how it responds to environmental steering; and a horizontal size or
extent, which affects how the TC interacts with, and potentially alters, the environment; and

(iii) one or more "transitional mechanisms" that may or may not depend on the presence of the
TC, and that act to change (i.c., transition) the structure of the TC environment from one
pattern/region combination to another, and thus change the steering flow primarily responsible
for the motion of the TC.
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Fig. 1.1. Overall conceptual framework for the Systematic Approach to Tropical Cyclone Track
Forecasting in three phases.

‘When the Systematic Approach concept was originally conceived (~1993), the TC track
forecasting skill of sophisticated baroclinic dynamical models was not significantly better than
other objective techniques available to forecasters at the Joint Typhoon Warning Center (JTWC).
These objective techniques include the statistical-dynamical model CSUM, the Beta and
Advection models (BAMs), and two climatology and persistence models (CLIPER and HPAC).
Forecasters tended to give roughly equal consideration to the Navy Operational Global
Atmospheric Prediction System (NOGAPS) forecast track and the other objective techniques,
which justified in the Systematic Approach a seemingly equal treatment as Phases I and II in
Fig. 1.1. The primary reason for the distinction made in Fig. 1.1 between the Numerical Model
“Traits and Objective Technique Traits is because the dynamical models have analysis and
forecast fields that the forecaster can use to characterize the model-depicted TC-environment
scenario that accounts for the model's track forecast. Thus, a dynamical model track can be
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Fig. 12, Meteorological knowledge base framework of the Systematic Approach and the
particular set of conceptual models that apply to the western North Pacific.

associated with a conceptual picture derived directly from the model's prediction fields. By
contrast, other objective techniques such as regression equation models and steering models
provide only a track, and thus tend to be "black boxes." The conceptual picture to explain the
track forecast by such techniques must be obtained indirectly via the forecast fields of the
dynamical model on which the techniques depend. That is, the conceptual picture developed to




explain the dynamical model track using the forecast fields may also adequately account for the
tracks of an objective technique, if the track forecast by the objective technique is similar to the
dynamical model track. Because successful accomplishment of Phase I in Fig. 1.1 has acquired
pivotal importance, the Systematic Approach expert system prototype that is the subject of this
report will focus primarily on this first phase. However, Phase II may play an important role
when analysis of the traits of objective techniques that depend on NOGAPS fields provide
additional insights into whether or not certain error mechanisms may be degrading the dynamical
models (Carr and Elsberry 1999a).

Given the above, the basic idea of the Systematic Approach is to enable the forecaster to
systematically: '
(1) employ the Meteorological knowledge base to classify and form a conceptual picture of the

~ current and numerically-forecast meteorological situation;

(ii) employ the Model Traits knowledge base to identify the available dynamical TC track
forecast models (and associated objective techniques) that are likely to be acceptably accurate or
unacceptably inaccurate based on past performance characteristics in similar situations; and

(iii) formulate an official track forecast that represents an informed, selective consensus of only -
those dynamical and objective track forecasts deemed to be acceptably accurate.

b. Preliminary Model Traits knowledge base.

When the Systematic Approach was developed, the TC forecasters relied primarily on
statistical and empirical track guidance (Elsberry 1995). Although dynamical model guidance

‘was available, nearly all of the models had systematic errors, e.g., a marked poleward bias for

low-latitude TCs moving westward. In the original Systematic Approach concept, the plan had
been to apply statistical corrections for different synoptic patterns to correct for systematic errors
in the dynamical model guidance. A reduction in the systematic errors of the dynamical models
used by the forecaster at that time would presumably have led to a reduction in the annual
average track errors.

A major gain in the accuracy of the dynamical TC track forecast guidance for the
forecaster has been achieved since 1994. First, the Geophysical Fluid Dynamics Laboratory
(GFDL) model was demonstrated to provide superior guidance over the other statistical and
empirical techniques (Kurihara ef al. 1995). That regional model was subsequently modified to
use the initial conditions and lateral boundary conditions from the NOGAPS model] for provision
of track forecast guidance in the western North Pacific, and is referred to as the GFDN model.
Both the NOGAPS and the United Kingdom Meteorological Office (UKMO) global models
were significantly improved in October 1994 by the introduction of improved TC synthetic
observations (Goerss and Jeffries 1994; Heming et al. 1995). Various improvements were
introduced to the Japan Meteorological Agency Global Spectral Model (JGSM) and Typhoon
Model (JTYM) prior to the 1997 typhoon season. Thus, three global NOGAPS, UKMO, and
JGSM) and two regional (GFDN and JTYM) tracks are typically available for western North
Pacific TCs at the synoptic (0000 and 1200 UTC) and off-synoptic (0600 and 1800 UTC) times,
respectively.




One recent improvement in the dynamical model guidance has been the reduction in the
systematic errors. Although Elsberry ef al. (1999) have shown it is possible to apply a statistical
adjustment to improve the NOGAPS tracks at 12 h through 36 h, no statistically significant -
improvement was achieved beyond 36 h. With the reduction in systematic errors, old rules about
the performance of the models as a function of initial latitude or track orientation are not as valid.
As this research has found (see examples in Elsberry and Carr 1999, Carr and Elsberry 1999a, b,
¢), the same dynamical model that was good in one case (e.g., recurvature) can be the worst in
another essentially identical case. Thus, the original Systematic Approach concept of applying
statistical adjustments to the dynamical model tracks needed to be changed. ,

The new Systematic Approach focusis the reduction in the number of official track

~ forecasts with large errors. Although not numerous during most seasons, these forecast "busts"
provide such poor guidance to the customer that confidence is degraded. If these large errors
could be eliminated, the warnings would be more consistent in time. Then the areas warned
would be reduced so that customers in adjacent areas would not unnecessarily make
preparations, and those customers in the warned areas could more confidently make the
appropriate preparations.

The present version of the Model Traits knowledge base of the Systematic Approach is
the result of a systematic evaluation by Carr and Elsberry (1999a, b, ¢) of the NOGAPS and
GFDN TC track forecasts for the western North Pacific during 1997. They organize the results in
a preliminary Model Traits knowledge base, the first level of which is reproduced in Table 1.1.
This level identifies the error mechanisms that frequently degrade NOGAPS and/or GFDN track
forecasts. Notice that the error mechanisms are simply phenomena described by various
conceptual models in the western North Pacific Meteorological knowledge base (Fig. 1.2; see
Transitional Mechanisms) that frequently occur to an Excessive or Insufficient degree in the
NOGAPS and/or GFDN forecasts.

c. Implementation philosophy.

Two pivotal components that are necessary for the Joint Typhoon Warning Center
(JTWC) to apply the Systematic Approach in the western North Pacific are the Meteorological
knowledge base and a Model Traits knowledge base applicable to the TC track forecast models
available to JTWC. These knowledge bases presently exist in the form of technical reports (Carr
and Elsberry 1994, 1999a). In principle, the Systematic Approach process outlined in Fig. 1.1
may be applied using just those resources if the forecaster is also supplied with a procedure to
methodically guide him/her through the information analysis and decision-making process
suggested by the framework (Fig. 1.1). However, such a strategy for implementing the
Systematic Approach would probably not achieve operationally acceptable levels of execution
speed, thoroughness, and consistency. Thus, an implementation vehicle is needed to rapidly and
effectively refer the forecaster to the relevant conceptual models, tables of information, and
graphics contained in the Model Traits knowledge base (Carr and Elsberry 1999a; see Section 5).

The authors have taken the position that a knowledge-based, interactive, expert system is
the best vehicle for implementing the Systematic Approach in an operational setting. Using the




Table 1.1. Level 1 of the Model Traits knowledge base from Carr and Elsberry (1999a)
indicating error mechanisms that frequently (F) degrade JTWC track forecast model guidance.
~ The three letter abbreviations for the error mechanisms correspond to those in the western North
Pacific Meteorological knowledge base (Fig. 1.2). The prefixes stand for excessive (E) and
insufficient (I) effects on the physical process in the numerical model forecast. In the rows for
Beta and Advection Models (FBAM, MBAM, and SBAM) and the CSUM, the designator F
means frequently degraded when the NOGAPS forecast is degraded by the same error
mechanism.

Model Error Mechanism Frequency of Occurrence

Name E-DCI - E-RMT E-RTF E-MCG E-RVS E-BCI I-BCI
NOGAPS F F F F F F
GFDN F F F

BAMs F F F F F
CSUM F

computing and visualization power of modern computers, such an expert system proactively
assists the forecaster in the complex information management/display and decision-making
processes required to formulate consistently skillful official track forecasts. The expert system
does not make the official track forecast; rather, it assists the human forecaster to formulate a
better official track forecast using the Systematic Approach concept. Thus, the expert system
application at JTWC has been named the Systematic Approach to TC track Forecasting Aid
(SAFA).

An expert system is a problem-solving system based on knowledge of a particular
domain of expertise. It is emphasized that the ultimate source of expertise for SAFA is the
experience of expert forecasters and knowledge gleaned from meteorological research and
detailed analysis of objective aid traits. The advantage of using an expert system framework is
that the reasoning process is more readily available to the user. This feature is particularly
critical to SAFA where the system is designed not to exclude the user but to elicit decisions from
the user at each step of the process. ‘

The most common expert systems represent domain knowledge in the form of rules and
determine solutions by invoking inference procedures to rules applicable to the problem at hand.
Because the SAF A expert system is a framework to guide the forecaster in applying the
procedures and concepts of the Systematic Approach, it is designed to contain a significant
amount procedural knowledge (e.g., steps toward a goal) as well as declarative knowledge (e.g.,
rules, facts, and properties about objects and events). As a procedural expert system, SAFA is
not just another objective aid providing an alternate answer to the suite of available objective

forecasts. Rather, SAFA is designed to act as a "meta-aid" providing analysis and reasoning
about the other aids so that a higher-level decision can be made, namely which aids to rely on
and which to discount. Through this guidance, the SAFA meta-aid helps the forecaster arrive at
a suitable basis upon which to formulate the official forecast.

Because SAFA is designed to guide the user through a complex objective guidance
evaluation process that requires application of evolving Meteorological and Model Traits
knowledge bases, it is essential that the SAFA user be a competent meteorologist with either




postgraduate education or significant practical experience as a forecaster. Furthermore, it is
essential that the prospective SAFA user receive familiarization training before being certified,
and periodic proficiency training to incorporate the latest developments in the knowledge bases.

d. Purpose of this report

The basic motivation for this work is to help the forecaster detect when specific
dynamical model guidance is likely to be erroneous, and thus should be rejected during
preparation of the warning. Elsberry and Carr (1999) have examined the track forecast errors as a
function of the spread (maximum distance to consensus centroid) among these five dynamical

“models. Their five-member consensus approach is an extension of the Goerss (2000) three-
global model or two-regional model consensus technique at the synoptic and off-synoptic times,
respectively. Goerss demonstrated that his consensus forecasts were either the best or the
second-best guidance in about 70% of the forecasts. As might be expected based on experience
with ensemble prediction systems, an average of five dynamical models with only small
systematic errors provides an improvement over the three-member or two-member consensus.
Although Elsberry and Carr (1999) documented that a small spread (< 300 n mi, or 555 km)

- among the five model 72-h positions often implied a small consensus forecast error, in a sizeable

fraction of these small spread cases the consensus error exceeded 300 n mi. Another important

result was that a large spread among the five 72-h positions tracks did not necessarily imply a

large consensus track error, because the errors of two (or more) of the models may be
compensating. Elsberry and Carr did demonstrate that a large spread implies that at least one of
the dynamical models will have an error larger than that spread. ‘They propose a selective -
consensus (SCON) approach in which the model guidance suspected to have a 72-h error greater
than 300 n mi is first eliminated prior to calculating the average of the remaining four model
tracks. They demonstrate that simply omitting the worst of the five dynamical model tracks
would indeed improve the selective consensus over the non-selective consensus (NCON).

Given that a preliminary version of the Model Traits knowledge base has been developed
(Carr and Elsberry 1999a), and an expert system (Peak et al. 1999) module has advanced to the
prototype stage, an on-site test of the information display function and a beta-test of prototype
module were needed. Two parallel efforts were tested during the summer and fall of 1999. First,
the information access and display function of the Systematic Approach expert system called
SAFA was tested on-site at the JTWC, Pearl Harbor, Hawaii. To facilitate this on-site effort,
George Dunnavan served as the Naval Postgraduate School (NPS) liaison from 25 August to 25
September. The second effort was a simulated real-time beta-test of the dynamical model
evaluation module that was carried out at the Naval Postgraduate School. In addition to the
authors, this beta-test involved Mark Boothe and Patrick Harr nearly every day, Grahame Reader
of the Perth, Australia, Bureau of Meteorology office during 25 August to 30 September, and
Elizabeth Ritchie occasionally participated. Their contributions were much appreciated.


























































































































































































