NOAA Technical Memorandum NWS NHC 41

THE NATIONAL HURRICANE CENTER NHC83 MODEL

Prepared by:

Charles J. Neumann
Science Applications International Corporation

Contract No. 50-~-DGNC-6-00209

National Hurricane Center
Coral Gables, FL
May, 1988

\(Second printing, October, 1988)

355

UNITED STATES National Oceanic and Atmospheric Administration National Weather Service
DEPARTMENT OF COMMERCE William E. Evans Elbert W. Friday

C. William Yerity, Secretary Under Secretary and Administrator Assistant Administrator




1.0

2.0

3'0

4.0

*%x**TABLE OF CONTENTS**%#%

INTRODUCTION. . tvvvtnivenrenrossnscnnnanaanenns ;.. ........................ 1

1.1 TROPICAL CYCLONE PREDICTION MODELS..... Cesesrsrenecactaannanen I |
1.2 STATISTICAL-DYNAMICAL MODELS.......... Cetertescencannas ceresaceans 2
1.3 PURPOSE OF STUDY...coavoncnsnses creestetanssaans Cececccateonens I
OVERVIEW OF EARLIER NHC MODELS....... ceseetseseaataasaonne Ceeeresannssans 2
2.1 HISTORICAL PERSPECTIVE........ Ceceeeecscccessscarrssasoaranas cesesl
‘2.1.1 Early Steering Models.....vecvvevns et eeeesesesetsarretenaane 3
2.1.2 Evolution of Operational Models..... e, .3
2.1.3 Development of NHC83.......c0000nne teeccenenn ceetetcsssas ceeed

2.2 PROBLEMS WITH EARLIER MODELS...e0c000ease esesecessccsastcaassas . b
NHC83 PRE-DEVELOPMENT PHASE......ceeveceeonccons eesesesetnccacaanannannn 5
3.1 USE OF DEEP-LAYER-MEAN GEOPOTENTTAL HEIGHT FIELDS......veeeeeenns 5
3.2 GRID CONSIDERATIONS......ccvctvcnnnsasosasasassacccancens cetsesaas 6
3.2.1 Grid Spacing........ csessesesavresonssanens seccceressrnssens 6
3.2.2 Grid Orientation...ceeeeeereeessceseeccsscancccsenaoananneas 6
3.2.3 . Grid Domain.......cccinunnnsanas cieececcass ceeeen Ceeeseseacans 6
3.2.4 Map Projection Considerations.....ececevesecrceccccecesscons 9

3.3 STATISTICAL-SIGNIFICANCE LEVELS...... Cetseeseenesecacnnernnenanns 9
3.3.1 Artificial Skill....cveevnnnenan seesecsccsses ceterecssrvenna 9
3.3.2 Use of 99 Significance Levels..... tessesesecsstsssaas seeeesd
3.3.3 Pairing of Predictors.......cccceeee ceccessecsesecnssanne ..10

3.4 INITIAL ANALYSES......... Cetseeseseessasssannnn eeesesssnecensans 10
DEVELOPMENT OF THE MODEL........ Cecsssecsncnnsans cesecsssanas ceesenaea ..11
4.1 GENERAL DESIGN OF MODEL......vo0e00n0ascasess cetencenccans sesessssll
4.1.1 Use of "Perfect-prog'" Methodology.«:eieeeeveercscconossnnns 11
4.1.2 Some Additional Features of the Model.......ccceviieceecncens 11
4.1.2.1 Sub-systemS.......cccv0ee. Secessssessteasesasscnsccnane 11

4.1.2.2 Forecast "recycling".......cecivennn. cvevecsescssevesslld

4.2 DEVELOPMENTAL DATA.....¢iveeeeonenncnconsanenss cetesessacsaenons 14
4.2.1 Availability of Deep-Layer-Mean Geopotential Heights....... 14
4.2.2 Missing Data over Deep Tropics......ccviiiieiereeenocnann ..14
4.2.3 Additional Constraints to Sample Siz€....cceoetsvecsces seeeld

4.3 TEMPORAL AVERAGING OF GEOPOTENTIAL HEIGHTS.......... tetessseansa 15
4.4 FINAL STRUCTURING OF DATA SET FOR SCREENING RUNS......c.cceeeees 16
4.5 STRATIFICATION OF DATA SET....civvescacnsneaaacconnossssanasnsons 17
4.5.1 South-zone Grid Structure.......ccceercoocrveccsssscscanccss 18
4,5.2 North-zone Grid Structure.......c.cciveiieeecacracncssncenne 18

4.6 METHOD OF PREDICTOR SELECTION.....ccceuceecccnnnssoscscscasansss 18
4.6.1 Along-Track Motion, North-zone (Perfect-Prog mode)......... 19
4,6.2 Across-Track Motion, North-zone (Perfect-Prog mode)........ 20
4.6.3 Along Track Motion, South-zone (Perfect-Prog mode)...... ...20

4.7 FINAL LOCATION OF PREDICTORS..cvcececsorcacssssosnccoocscannnnnsne 22
4.8 COMPOSITED GEOPOTENTIAL HEIGHT FIELDS......ceoeeeecosccccncnncos 28
4.9 SUMMARY OF NHC83 PERFORMANCE ON DEVELOPMENTAL DATA.....ccoceeeese 28
4.9.1 Predictands.......... s esesetsesssssssecccncsernvosonaie o 28
4.9.2 Reductions of Variance........ ceeessenans ceetssssenesseasans 29
4.9.3 Minimum Attainable Forecast Error from Statistical Models..31



5.0 OPERATIONAL IMPLEMENTATION OF NHC83......... esesesatsaseesnstecsesocnans 31
5.1 AVAILABILITY OF MODEL (GRAPHICAL OUTPUT)....coevecececcosccnncns 31

5.2 OPERATIONAL VERIFICATION STATISTICS...cveacsecsccovcsosonennccns 33
5.2.1 Homogeneous Comparisons for 0000 and 1200GMT, 1983-1987....33

5.2.2 Forecasts at 0600 and 1800GMT....cceoeveeceenncscanssoaccns ..34

5.3 EFFECTS OF "PERFECT" AND "IMPERFECT'" INPUT DATA........ccccccene 36

5.4 EFFECTS OF NUMERICAL MODEL BIASES.....cccceesscoecoceaccocccnccs 38

6.0 POSSIBLE IMPROVEMENTS TO THE MODEL.......... ceesssssssaen tesessessesenes 39
6.1 STATISTICAL IMPROVEMENTS....ce000ceen tesessessaanse cieeseanes eees 40
6.1.1 Use of Winds Instead of Heights......ccciviieeccareeeeneenns 40

6.1.2 Modification of Rotated Grid System......cecceeecncscns IR

6.1.3 Re-evaluating regression constants in Model 5.............. 40

6.1.4 Adjustment of the "Forecast Recycle Option"..........cc..0nn 40

6.2 NUMERICAL TMPROVEMENTS .. ccceeseeeanocssasacccassonnnans cereenans 40
6.2.1 Initial Analysis Problems.....cccevcccecerececccccncoocccns .41

6.2.2 Incorrect Progression of Synoptic Features............... . 41

6.2.3 Incorrect Positioning of Tropical Cyclone Center........... 41

7.0 REFERENCES.....ccteveeess cecenees tessecsesevasee ceeeeessscsenentscenonnns 42

ii



*;.

THE NATIONAL HURRICANE CENTER NHC83 MODEL
Charles J. Neumann

Science Applications International Corporation1

ABSTRACT

This document describes the development and operational performance of the
statistical-dynamical NHC83 model. NHC83 was developed at the National Hur-
ricane Center (NHC) in the early 1980's and introduced operationally for the
1983 Atlantic hurricane season. The model was developed in the "perfect-prog"
mode with principal predictors being deep-layer-mean geopotential heights as
derived from U.S. National Meteorological Center (NMC) operational analyses
for the years 1962-1982. In the operational mode, NHCB3 derives these deep-
layer-mean forecast geopotential heights (through 72 h) from the NMC Medium
Range Forecast (MRF) model. Additional predictors are derived from the output
of the NHC CLIPER (CLImatology and PERsistence) model as well as from the cur-
rent NMC initial analysis or a "first-guess" to the initial analysis.

Based on five years of operational verification statistics, 1983-1987, NHC83
has outperformed other NHC track prediction models by a rather wide margin.
In addition, the model has other utilitarian features such as being available
to forecasters four times daily in ample time to meet operational advisory
schedules. Also, output from the NHC83 model is available in a graphical for-
mat which portrays both the numerically forecast height fields through 72 h
and the forecast tropical cyclone track.

1.0 INTRODUCTION

1.1 TROPICAL CYCLONE PREDICTION MODELS

The National Hurricane Center (NHC) uses a number of computer models as ob-
jective guidance preparatory to the issuance of tropical cyclone advisor-
ies. The great majority of these models, including the NHC83 model, the
focus of this paper, concern themselves with forecasts of tropical cyclone
motion. Other models provide forecasts of tropical cyclone intensity
while still others provide the forecaster with diagnostic information
relative to the given forecast situation.

Tropical cyclone prediction models are either statistical or dynamical and
both types of models, each having distinct spatial, temporal and utilitari-
an advantages and disadvantages, are in use at the major tropical cyclone
forecast centers. Depending on the type of developmental data and how this
information is processed, statistical models are classified as being ana-
log, CLIPER-class, statistical-synoptic or statistical-dynamical while the
dynamical models, depending on the basic physical assumptions, are classi-
fied as being baroclinic or barotropic. Further discussion of the models
in use at the NHC is provided by Neumann and Pelissier (1981a, 1981b). A
more general discussion of tropical cyclone prediction models is provided
by McBride and Holland (1987) and Elsberry et al. (1987).

! Prepared for the National Hurricane Center, Coral Gables, FL 33146:
Contract No. 50-DGNC-6-00209
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A problem common to most forecast centers is that guidance from the vari-
ous models is often contradictory rather than complementary. Also, model
performance tends to be inconsistent such that tropical cyclone forecast-

ing is typically associated with a subjective evaluation of many objective
products.

1.2 STATISTICAL-DYNAMICAL MODELS

Models which combine statistical and dynamical processes are known as sta-
tistical-dynamical models. Typically, such models use the output from a
numerical model but process this output in a statistical prediction frame-
work. Conceptually, statistical-dynamical models are very appealing in
that they purport to combine individual advantages of statistical and dyn-
amical models into a single prediction package. Until recently, however,
their success has been limited due to a number of often unrealistic assump-
tions which must be made in structuring such models. One of these assump-
tions is that the statistical attributes of developmental data will always
be similar to that of the data used when activating the model in an opera-
tional mode. The NHC statistical-dynamical NHC73 model (Neumann and Law-
rence, 1975), for example, performed quite well for several years after
its introduction in 1973. However,. procedural changes at the National Me-
teorological Center (NMC) and the inability of NHC73 to withstand these
changes has led to degraded performance of that model in recent years.
This event underscored the necessity of designing statistical-dynamical
models with sufficient flexibility to accommodate procedural changes in
the dynamical side of the model.

The limitations of NHC73 and other NHC models led to the development of

the statistical-dynamical NHC83 model. Work on NHC83 began in early 1981
and the model was first tested in a semi-operational mode in 1983. The
scarcity of storms during that season prompted another year of operational
testing in 1984. The model, for all practical purposes, became fully oper-
ational the following year, 1985. As will be shown, NHC83 performed excep-
tionally well? in each of the five years, 1983 through 1987.

1.3 PURPOSE OF STUDY

Although NHC83 has become the principal operational model at the NHC, it
has never been formally documented. Fragmented descriptions appear in var-
ious NHC quarterly progress reports and Conference summaries (for example,
Neumann, 1988), but these have fallen short of providing scientific docu-
mentation. The objective of this Technical Memorandum is to provide a com-
prehensive description and evaluation of the NHC83 model.

2.0 OVERVIEW OF EARLIER NHC MODELS
2.1 HISTORICAL PERSPECTIVE

Objective models for the prediction of tropical cyclone motion have been
is use at the NHC for over 30 years and a complete historical perspective

2 The term exceptionally well is used in the relative sense and does not
imply that further improvements are not needed in the NHC83 model or in
any other model.

_2_



can be found in World Meteorological Organization (1979). The brief chron-

ology given here is intended only as background for better understanding
of NHC83 methodology.

2.1.1 Early Steering Models

Statistically based "rules of thumb" have long been used in tropical cy-
clone forecasting. The first really objective system for predicting 24 h
Atlantic tropical cyclone motion is generally attributed to Riehl et al.
(1956). The method, often referred to as Riehl-Haggard, was based on the
principle that the tropical cyclone moved or was "steered" in accordance
with the vertically integrated flow surrounding the tropical cyclone. The
500 mb level was used to approximate this flow and the geopotential height
difference across the storm was found to be significantly correlated with
subsequent storm motion.

Another early steering model, referred to as Miller-Moore, was developed
by Miller and Moore (1960). Those authors, after examining other levels,
selected 700 mb as the best "steering" level. Both "Riehl-Haggard" and
"Miller-Moore" used a relatively small domain grid to forecast tropical
cyclone motion through 24 h.

2.1.2 Evolution of Operational Models

Following the late 1950's initial operational use of the above objective
methods by the NHC, the U.S. Navy and the National Hurricane Research La-
boratory (predecessor to the current Atlantic Oceanographic and Meteoro-
logical Laboratory/Hurricane Research Division), there has been a more or
less gradual evolution of models over the Atlantic basin. Through 1973,
some noteworthy events in the evolution of statistical models include: (1)
the introduction of a larger domain grid system than that used by earlier
modelers (Veigas et al., 1959); (2) the development of stepwise screening
regression analysis (Miller, 1958), (3) the use of objective analysis be-
ginning in 1965; (4) the use of multiple pressure levels in statistical
models (Miller and Chase, 1966), (5) experimentation with statistical-dyn-
amical models in tropical cyclone prediction (Veigas, 1966); (6) the intro-
duction of analog models (Hope and Neumann, 1970); (7) the introduction of
"CLIPER-class' models (Neumann, 1972) and (8) operational use of statisti-
cal-dynamical models (Neumann and Lawrence, 1975).

2.1.3 Development of NHC83

Although the NHC83 model can be thought off as a continuation of the devel-
opmental process referred to above, many of the features of the model are
complete breaks with the past. After the development of the NHC73 model
(Neumann and Lawrence, 1975), which began in 1971 and ended when NHC73 be-
came operational in 1973, there was an extended period during which Atlan-
tic model development was suspended. During that period, many studies (to
be reviewed in subsequent sections) were conducted which critically exam-
ined some of the accepted practices in statistical modeling. As a result
of these studies and as a further result of operational experience with
earlier models, the NHC83 model was designed with many radically different
approaches than its predecessors.
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2.2 PROBLEMS WITH EARLIER MODELS

As discussed above, the development of the NHC83 model was prompted and

guided by lessons learned from operational experience with other models.
These problems, taken collectively, had led to inconsistencies in model

performance and resultant forecaster apathy toward models. Without being
specific as to the particular model or models at fault, these problems,

not listed in order of importance, include:

(1) Too much reliance on a single-level, notably 500 mb;

(2) A grid system that was too coarse and did not take into account
the change of map scale with latitude;

(3) Geographical restrictions in activating a model;
(4) Inability of model to produce a forecast of anomalous situations;

(5) Delivery of forecast product to user too late for use in latest
advisory;

(6) Slow speed bias;
(7) Over-reliance on sometimes erroneous initial motion vectors;

(8) Lack of proper statistical significance. This was typically
manifest by model having too many predictors;

(9) Use of poorly analyzed geopotential height fields in the tropics;

(10) Inconsistencies between model track projection and current trends
in synoptic 'steering" pattern;

(11) Inconsistencies among models. This is related to the use of too
many models;

(12) Unavailability of model as guidance for 1000 and 2200GMT advisor-
ies;

(13) Poor performance of statistical models at extended projections
and poor performance of baroclinic models at short range projec-
tions;

(14) Lack of visual access to analysis and numerical prognoses which
provide input to a statistical model.

Many of these fourteen problem areas were addressed in specific studies
which were completed before commencement of development work on the NHC83
model itself. These studies are described in the following section. Fur-
ther prompting these NHC83 pre-development studies was the knowledge that
the ability to forecast the important 24 h tropical cyclone motion was im-
proving at a slow rate or not at all (Neumann, 1981).

-4-



3.0 NHC83 PRE-DEVELOPMENT PHASE

3.1 USE OF DEEP-LAYER-MFAN GEOPOTENTIAL HEIGHT FIELDS

In developing the barotropic SANBAR model for the prediction of tropical
cyclone motion, Sanders and Burpee (1968) pointed out the advantages of us-
ing a deep-layer-mean wind and demonstrated how to use the data in an oper-
ational environment. An earlier study by Miller (1958) had also investi-
gated some aspects of this concept. Although it would have been desirable
to use deep-layer-mean winds rather than heights in NHC83, a long-term sam-
ple of sufficiently reliable winds needed for a developmental (dependent)
data set did not exist at the time NHC83 was designed.

Accordingly, Neumann (1979) tested deep-layer-mean heights as to their
ability in explaining the variance of tropical cyclone motion. His study
clearly showed that there was more predictive information contained in lay-
er averages than contained is any single level. Many different methods of
computing these layer averages were tested and his conclusion was that the
Sanders method of mass-weighting the 10-standard levels from 1000 to

100 mb gave the best results in regard to explaining the variance of short-
term tropical cyclone motion. Later studies such as Pike (1985), Dong and
Neumann, 1986, also addressed the utility of deep-layer-mean height fields
in statistical prediction and confirmed earlier findings of Neumann.

Table 1. Assigned weights and standard heights for NHC83 deep~Tayer-mean geopotential height computations.

Level Number ! 2 3 [ 5 6 7 8 9 10
Level (Millibars) 1000 850 700 500 400 300 250 200 150 100
Weight (mbs/mbs) 75/900 150/900 175/900 150/900 100/900 75/900 50/900 50/900 50/900 25/900
(0 < Weight < 1) .083333 .166667 .194444 166667 .111111 ,083333 .055555 .055555 .055555 .027778

Mean September
standard height
(meters) 122 1539 3176 5883 7593 9683 10939 12405 14185 16569

The actual deep-layer-mean function f(H) adopted for use in NHC83 was,

i=10
f(H) = ¢ (wiHi) (1)
i=1

where H; is the geopotential height for each of the 10 levels, 1000
through 100 mb and W; are assigned weighting factors as specified in
Table 1. In practice, the geopotential heights are stated in terms of
departures from Jordan's (1957) mean September tropical atmosphere, also
given in Table 1. Initially, Eq. (1) was defined in terms of departure
from daily normals. However, tests on dependent data disclosed no partic-
ular advantage to that added complexity. Weighting the tabular standard
heights in accordance with Eq. (1) yields an NHC83 '"reference' geopoten-
tial height of 6060.5 meters.

-5-



3.2 GRID CONSIDERATIONS
3.2.1 Grid Spacing

Neumann (1979) examined the utility of various grid-spacings in statisti-
cal prediction models. The statistical models developed for or by the NHC
prior to NHC83 used a 15 column by 8 row zonal/meridional grid-system for
representing geopotential height fields. The grid-spacing was 300 nauti-
cal miles (556 km). An illustration of the grid can be found in Miller

and Chase (1966). In that the grid was designed with manual data retriev-
al as an important consideration, there were many simplifications. The
storm was always positioned near the center of the grid. Another consider-
ation was that the number of grid points be limited to an amount commensur-
ate with storage capacity of contemporary computer systems and stepwise
screening regression programs.

Neumann concluded that the 300 n mi spacing was too coarse and that the
optimal grid size for present-day statistical model development was about
150 n mi. While a smaller grid spacing of 120 n mi provided for somewhat
greater variance reduction (allowing for the generation of artificial
skill through increased number of predictors) the actual number of grid
points in the required grid domain (see Section 3.2.3) became too large
for efficient numerical manipulation of the covariance matrices.

3.2.2 Grid Orientation

All grids in the NHC83 model are rotated according to the initial motion
of the storm as defined by the initial storm position and the position 12
h earlier. Forecast storm motion is stated in terms of continued motion
along this (persistence) track or across (at right angles) to the track
using Taylor (1982) map projection software.

The original motivation for grid rotation (Shapiro and Neumann, 1984) was
to alleviate slow speed bias, a phenomena common to most statistical mod-
els. The tests conducted by Shapiro and Neumann were on best-tracks da-
ta where storm motion is "perfectly" known. Under this condition, the au-
thors demonstrated a definite advantage to the rotated system in regard to
reducing forecast error and slow-speed bias. As stated by the authors,
however, the effect of using "imperfect' operationally determined initial
motion vectors to orient the grid was unknown. Although, operational use
of NHC83 suggests that grid mis-alignment is not a serious problem, other
innovations in the NHC83 prediction algorithm obscure the effect of grid-
rotation.

3.2.3 Grid Domain

Fig. 1 shows the grid systems used in the NHC83 model. Grid points are
separated by 150 n mi (278 km). There are three grid systems.

3

The term best-track refers to the accepted track and intensity of a
storm after a post-analysis of all available data. This analysis is
conducted as soon as possible after discontinuance of advisories on the
given storm.
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Fig. 1. NHC83 grid systems. Storm is always positioned at column 15, row 7 of
large grid M, as shown. Crid alignment is given by the heading of the storm
from the -1Zh position to the current position. Sub-grids N (North-zone) and
S (South-zone) were used in developmental mode of model while grid M is used
Tn operational mode. -

Grid M is a large grid having 29 columns and 21 rows with the storm
always centered at point (15,7)* and with the grid columns aligned
precisely along the initial motion of the storm. This motion is defined
by the heading of the storm from its position at T-12 h to its position
at T-0 h where T refers to the starting time of the 72 h forecast cycle.
In the developmental data set, to be discussed later, this motion is
based on the best-track (see footnote 3) of the storm while in the
operational mode, it is based on the operational track. The grid
orientation is kept constant throughout the entire 72 h forecast cycle
but the grid continually translates with the storm (at 12-hrly time
steps) throughout the cycle. Rationale for this procedure is discussed
in a later section.

Stepwise screening regression computer programs require a considerable
amount of matrix manipulation. The number of grid points in Grid M is far
too large for efficient computer manipulation of such a matrix. Accord-
ingly, the smaller sub-grids N and S, each having 15 columns and 11 rows
were used for this purpose. This smaller grid yields a 165 x 165 matrix

4
The (I = COLUMN, J = ROW) grid numbering convention used here has the
origin at the lower-left grid point.
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Fig. 2 (top) and Fig. 3 (bottom) showing example of developmental grids for North-
zone and South-zone, respectively. Examples are for a typical storm position and
heading in respective zone. Storm heading remains constant throughout forecast cy-
cle and is defined by initial best-track position and -12h position.
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which is manageable. Effectively, the storm can be repositioned in these
grids by shifting in the along (J) or across (I) track directions. This

- shift allows the smaller grid domain to encompass maxima and minima in
the correlation and partial correlation fields. These smaller grids were
used in the developmental mode of the model whereas the larger grid is
used in the operational mode.

Grid S is used for storms initially located in the southern portion of
the basin whereas grid N is used for storms initially located in the
northern portion. Figs. 2 and 3 are examples of these sub-grids with
coast-line reference shown. In these examples, the storms were posi-
tioned near their average position in the developmental data set and the
grids were rotated in accordance with typical initial storm motion for
the given zone.

3.2.4  Map Projection Considerations

Grid-point positioning relative to the storm was determined using a tech-
nique developed by Taylor (1982). It is based on an oblique equidistant
cylindrical map projection oriented along the track of the storm. The
I-coordinate of a point represents the distance, left or right, from that
point to the great circle through the storm position. The J-coordinate
of the point represents the distance along the same great circle to the
projection of that point on the circle. Scale distances are strictly uni-
form in the I-direction. The same scale holds in the J-direction only
along the storm track. Elsewhere, distances in that direction are exag-
gerated by a factor inversely proportional to the cosine of the angular
distance from the track. The scale is correct to 1 percent within a dis-
tance of 480 n mi from the great circle through the tropical cyclone.

3.3 STATISTICAL-SIGNIFICANCE LEVELS

3.3.1 Artificial Skill

The number of predictors entering the NHC83 model were governed by the
findings of Neumann et al. (1977) and of Shapiro (1984). Those authors,
using Monte-Carlo methods, addressed the generation of artificial skill
resulting from the practice of offering a stepwise screening regression
program a large number of predictors and selecting only a few. Adherence
to their recommendations resulted in a dramatic reduction in the number

of geopotential height predictors retained by the NHC83 model as compared
to those retained by earlier models. As will be noted, as few as two geo-
potential height predictors were retained for a given projection and a
given component of motion.

3.3.2 Use of 997 Significance Levels

In choosing predictors, significance levels, for the most part, were set
at the 997 level using a sample size corrected for degrees of freedom
loss due to serial correlation (World Meteorological Organization, 1979).
This rather strict cutoff criteria was selected with the believe that
there are likely additional and unknown degrees of freedom loss due to
the use of uncertain objective analyses over the tropics. The latter,

-9-



with attendant analysis conventions, lack of data and the use of "“"first-
guess' fields likely results in a restriction to "freedom of choice" in
sampling from the parent distributions.

3.3.3 Pairing of Predictors

The use of geopotential heights rather than winds as statistical predic-
tors of tropical cyclone motion typically results in "pairs" of heights,
located asymmetrically either side of a storm, being initially selected
in stepwise screening regression computer programs. These two predictors
typically provide for most, if not all, of the variance reduction provid-

ed by the heights for the given forecast interval and the given component
of motion.

A shortcoming of the type of forward stepwise screening regression pro-
gram used is that optimal pairing of functionally related predictors is
not guaranteed. The program examines and selects only one predictor at a
time and has no knowledge of future predictor selection. This initial
predictor becomes 'locked-in" and incremental variance reduction (partial
correlation coefficients) govern the next selection. This presents a
problem in that the pair selected may not be optimal insofar as variance
reduction is concerned. Neumann (1979) experimented with this problem
and concluded that there was a significant gain in variance reduction by
providing a priori guidance to the screening program in the selection of
the two initial predictors. Although there was likely some attendant
gain in artificial skill, the gain in real skill appeared to be greater.

In general, these "forced" predictor pairings resulted in their location
being closer to the storm than would have been the case without the forc-
ing. Also, the combined reduction of variance was often large enough
that additional predictors, located farther from the storm, failed to
provide additional statistically significant variance reduction.

3.4 INITTAL ANALYSES

Generation of statistical prediction equations from a set of developmen-
tal data and eventual use of these equations on operational data assumes
that the two data sets will have similar statistical attributes. The cur-
rent trend to constantly improve on analyses methodology often leads to
violations of this assumption, particularly in the tropical data-void
areas. The real problem here is not related so much to analysis accuracy
as it is to the different statistical attributes of the analysis systems
and numerical prognoses made therefrom. A related problem concerns the
relatively low standard deviations of geopotential heights in the trop-
ics. These problems, as they relate to statistical models, were studied
by Leftwich, et al. (1977) and by Neumann et al. (1979). Until analyses
methodology is stabilized, there is no simple solution to this problem.
NHC83 rationale was to avoid, as much as possible, the use of predictors
in the deep tropics.
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4.0 DEVELOPMENT OF THE MODEL

4.1 GENERAL DESIGN OF MODEL

4.1.1 Use of "Perfect-prog" Methodology

In general, there are three methods to develop statistical-dynamical mod-
els: "Perfect-Prog" (PP), Model Output Statistics (MOS) and Simulated Mod-
el Output Statistics (SMOS). These three methodologies, as they relate

to tropical cyclone models, are discussed by Neumann et al. (1975).

Each method is associated with certain advantages and disadvantages. Al-
though MOS is conceptually more appealing that the other two methods, its
use would require access to archived output from a given numerical model
for at least a 10-year period. It would also require that the same numer-
ical model used in developing the statistical model would also be continu-
ally used in the operational running of the model--an unlikely event.

The use of SMOS methodology is also dependent on the availability of a
given numerical model. Accordingly, the PP approach, wherein actual anal-
yses are substituted for numerical prognoses, was used in developing
NHC83. One of the advantages of that method is that the statistical pre-
diction equations are not tuned to a given model. Another advantage is
that a long period of analyses is usually available. Still another ad-
vantage is that improvements in the numerical model will be passed on to
the statistical side of the model.

There are also disadvantages to the PP approach. Since analyses are 'per-
fect" and numerical prognoses are "imperfect", predictors from the lat-
ter, but assuming the former, are overweighted in the statistical predic-
tion equations. Also, any biases in the numerical model could impact neg-
atively upon the performance of the statistical side of the models. In-
deed, a bias problem did occur with the NHC83 model for the 1987 Atlantic
season. This is discussed in Section 5.4.

4.1.2 Some Additional Features of the Model

4.1.2.1 Sub-systems - The NHC83 model consists of various components
which can be thought of as sub-systems. This feature of model structure
is illustrated in Fig. 4. There are five separate models utilized in
various stages of the NHC83 prediction cycle with each model producing a
"stand-alone" forecast track through 72 h. Model 1 is represented by the
CLIPER (Neumann, 1972) model. CLIPER is a regression equation model
based on eight basic predictors and additional predictor functions de-
rived from climatology and persistence.

Model 2 is based on current deep-layer-mean geopotential height fields
only. It does not utilize CLIPER-type predictors.

Model 3 is based only on numerically forecast and initial geopotential
heights. CLIPER predictors are, likewise, not included in Model 3.

Model 4 is an entirely separate model developed from the output of Models
1 and 2 (in the form of along and across track displacements) as a devel-
opmental data set. In this respect, Model 4 can be thought of as a
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Fig. 4. Schematic diagram of NHC83
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statistical-synoptic model since it includes predictors from climatology,
persistence and current synoptic data only. The need for this intermedi-
ate Model 4 is discussed in Section 4.1.1.2.

Model 5 (the final NHC83 forecast product) is based on the output from
Models 1, 2 and 3 such that,

G5, 5,10 CPs, 5,1 (2)
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where array D is the new combined displacement forecast, C is an array of
constants determined by least-squares fitting and P is an array of indi-
vidual forecast displacements from Model 1, 2 and 3. For the indexing
subscripts, i refers to Model 1, 2 or 3, j refers to along or across

track component while k refers to one of the 6 projections, 12 through

72 h. Because of the large number of regression equation constants con-
tained in the NHC83 program, the decision was made to not include actual
values of such constants in this documentation. They can be found in ade-
quately documented block data subprograms of the NHC83 FORTRAN source
code maintained by the National Hurricane Center, Coral Gables FL 33146.

An alternative and simpler procedure than that shown in Fig. 4 would have
been to initially combine all possible predictors into a single model.
However, the added complexity involved in keeping the models as separate
entities throughout the forecast cycle serves three important functions.
First, it provides the forecaster (who has access to the intermediate Mod-
els 1 through 4) with considerable diagnostic information on the forecast
track which, otherwise, would have been lost. A forecast which suddenly
accelerates, for example, is likely due to input from the numerical side
of the model. This can be verified by reference to the output from Model
3 alone. Or, large differences between models 1 and 2 would suggest an
incorrect initial motion vector, etc.

Another reason for structuring the model as shown in Fig. 4 is that it
provides for a potentially easy way to reassign the regression coeffi-
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cients used in combining Models 1, 2 and 3. These coefficients were orig-
inally determined from developmental (perfect-prog) data and thus, Model
3 is apt to be overweighted. These weights can eventually be reassigned,
without altering the basic model framework, from knowledge gained in oper-
ational runs of the model. Here, operational forecast displacements from

each of the model sub-systems would constitute the dependent sample in
Eq. (2).

This can be thought of as a type of Simulated Model Qutput Statistics
(Neumann et al., 1975) approach. It is considered likely that the five
years of independent operational data which are now available from the
NHC83 model (275 forecast situations over the 5-year period, 1983-1987)
are sufficient to activate such a procedure. This procedure has not been
incorporated into the version of the model described herein.

4.1.2.2 Forecast "recycling" - To understand the third and perhaps most
important reason for structuring the model as depicted in Fig. 4, it
needs to again be pointed out that the NHC83 grid system translates with
the storm. Accordingly, to make a 24 h forecast from Model 3, the posi-
tion of the grid at +24 h must be known in advance. Model 4 provides a
convenient "first-guess'" to this position and the initial Model 5 fore-
cast becomes a new estimate of an updated Model 5 forecast, etc. These
iterations are continued until the forecast from Model 5 stabilizes.

The effect of this forecast "recycling" in reducing errors of the NHC83
model at the extended projections is demonstrated in Table 2. These data
were obtained by re-running the entire series of NHC83 operational fore- -
casts for the period 1983-1987 with different settings of the forecast re-
cycle option. It can be noted from the table that recycling twice is suf-
ficient to provide a reasonable stable forecast--on the average. Accord-
ingly, the prediction algorithm is currently structured to allow only two
iterations through the forecast cycle.

Table 2. ‘torecast error (nautical miles) reaiized by NHC83 model with
specified number of iterations through the forecast cycle. Sampie con-
sists of all NHC83 operational forecasts over S-year period, 1983-1987.

Forecast error at hour:

12 24 36 48 60 72
Iterations = 1 48.3 94.7 154.8 211.1  281.4 345.8
Iterations = 2 48.2 93.6 148.9 195.3 256.9 302.7
iterations = 3 48.2 93.5 1u8.3 196.6 259.5 309.4
Iterations = &4 48.2 93.5 148.3 196.3 260.0 309.0
Sample size 245 241 209 178 152 128

The improvement achieved through the recycling process varies from one
forecast situation to another and it is emphasized that the data in Table
2 represent average condition only. It may be profitable to restructure
the model to allow the number of iterations to be a function of the given
forecast situation. The number of iterations needed to stabilize the
forecast in any given situation appears to depend on the consistency be-
tween the initial motion vector supplied by the forecaster and the direc-
tion of motion as indicated by the numerical forcing fields. If these

_13_




quantities vary widely, then additional iterations appear to be needed in
order to arrive at a stable forecast. Thus, the recycling process pro-
vides a mechanism for correcting for errors in operational initial motion
vectors. Additional research into the feedback mechanism might further
benefit NHC83 as well as other models.

4,2 DEVELOPMENTAL DATA

4.2.1 Availability of Deep-Layer-Mean Geopotential Heights

The National Hurricane Center routinely archives all National Meteorologi-
cal Center analyses and prognoses relevant to NHC statistical prediction
over the Atlantic and the Eastern Pacific Tropical Cyclone Basins. Por-
tions of these data, through the year 1981, were utilized in developing
the NHC83 model. In accordance with Eq. (1), deep-layer-mean geopoten-
‘tial height fields were constructed from the 10 standard levels, 1000 to
100 mb whenever these data were available. In general, 500 mb data are
available back through 1946. However, it is not until 1962 that data
from the other levels were sufficient for construction of a deep-layer-
mean. Although some levels (notably 400 mb) were occasionally missing af-
ter that date, a deep-layer-mean height, in the context of Eq. (1), was
still constructed by adjustment of the weighting factors. If more than
two levels were missing, the case was not used. The latter procedure was
considered an acceptable 'trade-off" to increase the sample size. In gen-
eral, however, construction of a deep-layer-mean with less than 10 lev-
els, is not recommended.

4.2.2 Missing Data over Deep Tropics

Archived data referred to above are represented on the National Meteoro-
logical Center standard 4225 (65 x 65) grid system on a polar stereo-
graphic map projection. However, prior to 1975, data were not available
over portions of the grid south of about latitude 10 to 13 North?.

This presented a problem for modeling storms located in the deep tropics.
Methods of dealing with this problem are discussed in Section 4.5.

4,2.3 Additional Constraints to Sample Size

In addition to the constraints noted above, the sample did not include
cases when the storm became extratropical or weakened to beloew tropical
storm intensity either at the initial time of the forecast or at verifi-
cation time. Also, there is a CLIPER model requirement for at least 24 h
of storm history. With these additional constraints, a total of 1,050

12 h forecast situations over the 20-year period 1962-1981 were available
from which to develop the model. This amount decreased to 489 cases for
" the 72 h projection. The loss at the latter time frame is due to storms
dissipating, weakening, or becoming extratropical between 12 and 72 h af-
ter the initial time. These 1,050 forecast situations are from a total
of 141 tropical cyclones, tracks or track segments of which are shown on
Fig. 5.

The region of available data is referred to as the National Meteoro-
logical Center ''Octagonal" grid.
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Fig. 5. Tracks of the 141 tropical storms and hurricanes, 1962-1981, used in devel-
oping NHC83 model. Portions of storm tracks having initial position <25°N were used
as data set for "South-zone!' storms while portions of storm tracks having initial
positions >25°N comprised the '"North-zone'' set.

4.3 TEMPORAL AVERAGING OF GEOPQTENTIAL HEIGHTS

Early NHC models using geopotential heights as predictors incorporated
one of two methods for advancing forward in time. The NHC67 model (Mil-
ler and Chase, 1966; Miller, et al., 1968) produced forecasts in discrete
time steps. That is, forecasts are made over periods 0 through 12 h, 12
through 24 h, 24 through 36 h, 36 through 48 h and 48 through 72 h. In
later models such as NHC72 (Neumann et al., 1972 and NHC73 (Neumann and
Lawrence, 1975), forecasts were made over the entire forecast interval,
i.e., 0 through 12 h, 0 through 24 h, 0 through 36 h, etc.

Tests, conducted prior to the development of NHC83, showed that best re-
sults (in terms of reduction of variance on dependent data) were obtained
by averaging the geopotential height fields over time such that the 12 h ~
forecast of tropical cyclone motion was based on an average of the ini-
tial analysis and the 12 h forecast® analysis, the 24 h forecast was
based on an average of the initial analysis, the 12 h forecast analysis
and the 24 h forecast analysis, etc. The method of accomplishing this av-
eraging is described below. Note that this is not a simple linear aver-
age of the NMC gridded fields in the 65 x 65 format for the 7 projections
zero through 72 h but rather, is an average relative to the storm posi-
tion at each projection and the initial storm motion. Specifically:

(1) On the appropriate "perfect-prog'" NMC analysis field, the large
grid (M) shown on Fig. 1 was positioned at the best-track position of the
storm for the appropriate projection; i.e, the initial position of the

Note that the use of the term "forecast" in reference to the develop-
mental mode of the model signifies actual analysis being substituted
for the forecasts in accordance with the "perfect-prog' concept.
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storm was positioned on the initial grid, the +12 h position of the storm
was positioned on the +12 h "perfect-prog" grid, etc.

(2) The (M) grids were rotated according to the average storm heading
over the period from the 12 h old position to the initial storm posi-
tion. This, too, was based on best-track storm motion. Note that this
rotation remains constant throughout the entire 72 h forecast cycle.

(3) The location of each of the 609 grid points in the (M) grid were
determined according to the Taylor (1982) map-projection algorithm. Geo-
potential height values were then interpolated from the NMC 65x65 hemi-
spheric grid.

(4) Steps 1, 2 and 3 were accomplished for each of the seven time
periods, zero through 72 h. This resulted in seven sets of (M) grids,
one for each of the time periods zero through 72 h.

(5) Grids 1 and 2 were then averaged to represent average forcing
over the period.zero through 12 h; grids 1, 2 and 3 were averaged to
represent averaging forcing zero through 24 h, etc.

(6) Sub-sets (grid S or N) of the final 609 x 7 grid were used for
all subsequent screening runs.

The question arises here as to the rationale behind keeping grid rotation
constant throughout the forecast cycle. For consistency, grids should
have been rotated at each time step in accordance with storm motion at
that time step. Experimental grids were, indeed, constructed in this man-
ner. However, it was found that continually changing both grid rotation
and location gave inferior results, in terms of variance reduction, than
did the method actually adopted of accounting only for translation. The
reason or reasons for this are not fully understood.

Experiments were also conducted whereby one of the grids was omitted in
the averaging process. For example, the final 72 h geopotential height
fields used for the prediction of 72 h motion is an average of seven rel-
ative fields; one for each of the time periods zero through 72 h. Remov-
al of only one of these seven grids produced larger errors for that pro-
jection. This suggests that the procedure is sound. It is again pointed
out that these results are based on dependent data. However, the rela-
tively good performance of the NHC83 model over the past 5-years on opera-
tional data further suggests that the averaging process has merit. 1In
that grid rotation adds considerable complexity to the model, additional
research in this area is warranted. Pike (1987b), for example, suggests
an alternate and simpler method of grid rotation.

4.4 FINAL STRUCTURING OF DATA SET FOR SCREENING RUNS

As discussed in Section 4.2.3, 1,050 forecast situations were available
for analysis. Since the goal was to predict along and across track mo-
tion relative to the persistence track, it was necessary to resolve all
best-track tropical cyclone displacements into this component system. Al-
so, since CLIPER forecasts were used as Model 1 (see Fig. 4), those fore-
cast displacements were precomputed and resolved into along and across
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track components. Attempts to redesign the CLIPER model so as to direct-
ly produce along and across track components, were not successful.

The final developmental data set, for each of the 1,050 cases contained:

(1) Seven geopotential height fields defined on the 29 x 21 grid
system shown in Fig. 1. These fields were for the initial anal-
ysis and the 6 ''projections", 12 through 72 h.

(2) Positions of storms from -24 h to +72 h at 12 hourly intervals.

(3) Storm displacements for (2) resolved into along and across track
components.

(4) Forecast CLIPER storm positions 12 through 72 h.

(5) CLIPER forecast displacements resolved into rotated coordinate
system.

(6) Various "bookkeeping' items at each of the time periods, -24 h
through +72 h. These included datetimes, maximum winds, pres-
sures, directions of motion, translational speeds and stages
(tropical, extratropical or sub-tropical) of storm.

4.5 STRATIFICATION OF DATA SET

The data set was subdivided into a North-zone set of storms and a South-
zone set. This stratification was prompted by unavailability of geopo-
tential height data in the deep tropics prior to 1975 (see Section 4.2.2)
and the necessity for separate treatment of storms in this zone insofar

as predictor location is concerned. Another reason was low standard devi-
ations of heights in the deep tropics and the often adverse effect of

this condition on statistical prediction equations (Neumann et al.,1979).

Experiments were conducted on stratification schemes based on direction
of motion and based on latitude. Since the latter provided somewhat
greater variance reduction on dependent data, it was selected over the
former. Storms initially at or south of 25N were assigned to the South-
zone whereas those initially north of 25N were assigned to the North-
zone. This resulted in South- and North-zone data sets having 317 and
733 cases, respectively, for the 12 h forecast. Although the interzonal
difference in sample size is rather large, this diminishes with increased
projection. At 72 h, for example, there are 220 cases for the South-zone
and 269 cases for the North-zone. The explanation here is that North-zone
storms are more likely than South-zone storms to be dropped from the data
set during a 72 h period due to the storm dissipating, moving over land
or becoming extratropical.

During the five-year operational phase of the model, it had been noted
that a few storms, assigned to the South-zone because of their initial
latitude, were associated with motion characteristics more typical of
North-zone storms. An example of such a storm was late season Hurricane
KLAUS, 1984. Re-running forecasts of these storms after the 1987 season
using North+, rather than South-zone equations, almost always produced
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better forecast verification. Accordingly, a modification was made to

the prediction algorithm prior to the beginning of the 1988 season where-
by South-zone storms poleward of latitude 20N with distinct North-zone mo-
tion characteristics were re-assigned to that zone. This was defined as
having a speed of at least 5 knots and with initial motion between 340 de-

grees, clockwise through 150 degrees. Changes were not made to the pre-
diction equations themselves.

4.5.1 South-zone Grid Structure

The lack of sufficient archived geopotential height data in the deep-trop-
ics necessitated the development of a screening grid-structure as depic-
ted in Fig. 3 where the storm is positioned well to the left of the grid-
center. Since typical motion for storms in this zone was towards the
west-northwest, grid point data near the lower left corner of the grid
were often missing and it was necessary to insert climatological deep-
layer-mean geopotential height values at those locations in order for the
stepwise screening regression program to function properly. However, ac-
tual selection of these climatological predictors was disallowed; it hav-
ing been determined earlier that there was no significant predictive in-
formation in this corner of the grid for South-zone storms.

4.5.2 North-zone Grid Structure

In the North-zone, the storm was positioned closer to the center of the
grid in the left/right sense than it was in the South-zone (see Figs. 2
and 3). This was to allow for the inclusion on the grid of correlation
centers (see Figs. 6 through 9) which appeared on both sides of the
storm. For South-zone storms, as will be shown, the correlation center
is primarily to the north (right) of the storm; there appears to be
little predictive information on the equatorward side (to the left of the
storm). It was also advantageous, as will be shown, to position the
storm farther toward the bottom of the grid in the North-zone than in the
South-zone. This was to allow for the inclusion of correlation centers
which typically appeared well to the north of the storm in the case of
across track motion in the analysis mode.

4.6 METHOD OF PREDICTOR SELECTION

The selection of appropriate predictors is extremely important and con-
siderable time was spent on this task. Both objective and subjective pro-
cedures were used in the selection process. On the objective side, there
was strict adherence to Monte-~Carlo determined statistical significance
levels as discussed earlier in Section 3.3.1. On the subjective side, at-
tempts were made to select a set of predictors, consistent from one fore-
cast period to another. This necessitated relaxation of the significance
guidelines in some cases. Predictor selection was also governed by
"forced-pairing" of predictors, discussed earlier in Section 3.3.3.

Prior to selecting final predictors, about 150 sets of correlation and
partial correlation fields between a given component motion and the deep-
layer-mean geopotential heights were objectively analyzed and examined.
Examples of these fields which guided selection of predictors for Model 3
(perfect-prog mode--see Fig. 4) are shown in Figs. 6 through 10.
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4.6.1 Along-Track Motion, North-zone (Perfect-Prog mode)

Fig. 6 shows a contoured linear (zero-order) correlation field between
+12 h along track motion and the geopotential height field (see Section
4.3). A maximum correlation (in the negative sense) of -0.76 is clearly
shown well to the left and ahead of the storm; grid point (5,6), closest
to this point, is selected as the single predictor which explains most of
the variance between +12 h along track motion and deep-layer-mean geopo-
tential height. Therefore, low heights in this region are associated
with large along-track storm displacements, irrespective of future predic-

tor selection.
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Fig. 7

Linear correlation coef-
ficient field (zero-order
partial correlation field)
between 12 h along track
motion and deep-layer-mean
geopotential heights in
the North-zone and for
"Perfect-prog't mode. Storm
is located at average pos-
ition and is moving
towards average motion of
the 733 storms comprising
developmental data set.
Contour labels are in
units of correlation coef-
ficient x 100. Dashed
line indicates zero cor-
relation coefficient.

Similar to Fig. 6 except
for first-order partial
correiation coefficient
field. Star gives loca-
tion of predictor (grid-
point) selected in previ-
ous step.



Fig. 7 shows the first-order partial correlation fields’ given that pre-
dictor (5,6) has already been selected in the screening process. Note
that the area to the right of the storm provides additional predictive in-
formation and that grid point (11,4), positioned closest to this maximum,
was selected. It can also be noted, as expected, that the initially se-
lected gridpoint (5,6) contributes zero incremental variance reduction.
However, some residual negative correlation appears to be centered south-
southwest of that point, indicating that gridpoint (5,6) was not located
at the exact center of negative correlation. It should be noted here
that the square of these partial correlation coefficients gives the frac-
tional reduction of the variance from the previous and not the original

step. Hence, the squared correlations are not additive in the algebraic
sense.

The predictor selection process is discontinued when incremental variance
reduction falls below some critical value. As pointed out earlier, the
strict statistical significance criteria seldom allowed more than a few
predictors (maximum was 4) to be selected in this "stepwise" manner.

The two initially selected predictors, locations of which are shown in
Figs. 6 and 7, obviously represent a geopotential height gradient, which,
in the geostrophic sense, is indicative of an average wind across the
storm. However, as discussed in Section 3.3.3, these two predictors are
not optimally located and additional screening runs were required to de-
termine their final location. This "forced-pairing'" technique was used
whenever pairs of predictors appeared to be acting in concert. In the
case of North-zone storms, these were, without exception, the first two
predictors selected.

4.6.2 Across-Track Motion, North-zone (Perfect-Prog mode)

Figs. 8 and 9 are similar to Figs. 6 and 7 except that they address 72 h
across track motion. As shown on Fig. 8, a 'center-of-action" is located
well ahead and to the right of the storm and grid-point number (10,9) is
initially selected followed by gridpoint number (7,1) (see Fig. 9). It
can be noted in this latter figure that the correlation maximum located
to the south-southwest of the storm could be off the grid still farther
to the south-southwest. However, earlier experiments with the larger (M)
grid (see Fig. 1), showed that this was not the case. Similar to along-
track motion, these two predictors were likely acting as a "'gradient" and
additional screening runs were made to determine their optimal location.

4.6.3 Along Track Motion, South-zone (Perfect-Prog mode)

The process of selecting South-zone predictors was considerably different
than selecting predictors for North-zone storms. Fig. 10 shows that the
main ''center-of-action" is to the right of the storm rather than to the
left as was the situation for North-zone storms. This reflects the
strength of the sub-tropical ridge, typically located to the right of the

For a discussion of partial correlation fields applicable to tropical
cyclone prediction models, see World Meteorological Organization
(1979), pages II.4-17 through II.4-19.
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storm. The second and third selected geopotential height predictors (not
shown) were also indicative of the strength of this ridge in that they
were both located to the right of the storm, one '"ahead" and the other
"behind". A complimentary predictor to the left of the storm, indicative
of a 'gradient", was either not present or marginally statistically signi-

ficant.
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| Fig. 8. Linear correiation coef-

ficient field (zero-order
partial correlation field)
between 72 h across track
motion and deep-layer-mean
geopotential heights in
the North-zone and for
"Perfect-prog! mode. Storm
is located at average pos-
ition and s moving
towards average motion of
the 269 storms comprising
developmental data set.
Contour labels are in
units of correlation coef-
ficient x 100. Dashed
line indicates zero cor-
relation coefficient.

Similar to Fig. 8 except
for first-order partial
correlation coefficient
field. Star gives loca-
tion of predictor (grid-
point) selected in previ-
ous step.
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The strength of this sub-tropical ridge, particularly to the right and
"ahead" of the storm was also related to across track motion (not shown).
Thus, the ridge appears to be the dominant feature for the "steering" or,
"implied steering" of tropical cyclones in the deep tropics. This is
also true, to a_certain extent, for North-zone storms but these storms
are steered predomihantly by other synoptic-scale features.

4.7 FINAL LOCATION OF PREDICTORS

Figs. 11 and 12 show the final location of predictors for Model 2 (analy-
sis-mode) while Figs. 13 and 14 show final predictor locations for Model
3 (perfect-prog) mode. As discussed in the previous section, these pre-
dictors were selected after objective and subjective analyses of partial
correlation fields as shown in Figs. 7 through 10 modified by "forced-
pairing" methods. Selection was also governed by subjective considera-
tions such as the desire to maintain a reasonably consistent set of pre-
dictors for given Model 2 or 3; for each of the two zones and for each of
the two components of motion.

It can be noted that the predictors selected in the "perfect-prog' mode
(Model 3) are grouped more around the storm than are those selected in
the analysis mode (Model 2). In the latter, predictors are based only on
an initial analysis and the selection of predictors at greater distances
from the storm is an attempt to obtain additional predictive information
on later '"ste