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ABSTRACT

The Navy requirenent for 5 day tropical cyclone track
gui dance necessitates an assessnent of the Navy Operational
d obal At nospheri c Predi ction System ( NOGAPS) in
forecasting tropical cyclone formation. The Tropica
Cyclone Vorticity Tracking Program is applied to NOGAPS
anal yses and forecasts through 120 h to identify and track
circulations in the tropical Atlantic region from25 July —
31 Cctober 2001. Crcul ations over northern South America
were not found to be related to Atlantic hurricane
formation and the nunber of formations in the western
Atlantic was i nsufficient for statistical anal ysi s.
Circulation formati ons over Africa tend to be forecast too
early while those formng over the eastern Atlantic tend to
be forecast |ate. About 70% of the NOGAPS forecasts and
anal yzed formations are wthin +/- 12 h regardless of
forecast intervals, and about 12% of the formation
forecasts are false alarms. \Wereas the on-tinme formations
tend to have small relative vorticity errors, the early
(late) formation forecasts are at first too strong (weak),
but then the nodel error growh donm nates the expected
timng error contribution. At the time the National
Hurricane Center issues a tropical storm warning, the
NOGAPS forecasts of relative vorticity, sea-level pressure,
and circul ation size generally have smaller anplitudes than

the verifying anal yzed val ues.
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. 1 NTRODUCTI ON

The accuracy and tineliness of tropical cyclone track
gui dance are extrenely inportant to the operations of the
U.S. Navy. Afloat units underway and in-port, as well as
shore stations, would greatly benefit from | onger cyclone
track lead tinmes. An increase in warning tines would
provi de increased time to evaluate, plan, and execute any
actions needed to mnimze damage or | oss of assets and

per sonnel .

Gradual inprovenents in the capabilities of globa
dynam cal nodels, such as the Navy Operational d oba
At nospheric Prediction System (NOGAPS), have lead to a
related i nprovenent in the accuracy of tropical cyclone
track guidance. This inprovenent in nodel guidance has
contributed to increased accuracy in official tropical
cyclone track forecast accuracy through 72 h. This overall
i nprovenent has suggested the potential for a 5-day
tropical cyclone track guidance that woul d address the Navy
requirenment. Wth a potential for a 5-day tropical cyclone
track prediction cones the need for a tropical cyclone
formation forecast, since it is quite possible for a
tropical cyclone to form intensify and nove a consi derabl e
di stance in 120 h.

A necessary step in assessing the potential for 5-day
track forecasts is to assess current capabilities of gl obal
dynam cal nodels to forecast tropical cyclone formation. A
useful product would be a tool that would identify tropical
cycl one precursors and discrinm nate between circul ati ons

that may not devel op as strongly as predicted or cases of
1



predi cted cyclone fornmation when no verifying feature
occurred (i.e., false alarns). Oher categories would
i ncl ude cyclones that devel op nore rapidly than predicted
and cycl ones that were never predicted to form(i.e.,
m ssed cycl ones).
A REG ONS OF TROPI CAL CYCLONE | NFLUENCE | N THE NORTH

ATLANTI C OCEAN

The region of the tropical and subtropical North
Atlantic Ccean is an area of heavy maritine transit, both
for comrercial shipping and for mlitary operations. The
potential for tropical cyclone formation exists in the
Atlantic anywhere fromthe extrenme eastern Atlantic to the
western Cari bbean and as far south (north) as 5° N (45° N).
Four major regions in the Atlantic have environnental
condi tions that influence tropical cyclone formation.
These regions can be defined as the eastern Atlantic
formati on zone, the danping zone, the western Atlantic
formati on zone, and the subtropical western Atlantic
formati on zone.

1. Eastern Atlantic Formation Zone

The region in the tropical Atlantic fromAfrica to
about 40° Wis a primary |location for the formation of
tropical circulations. The initial source of the
circulations that formin this region lies to the east over
the African continent. A mdtropospheric easterly jet over
western Africa is established by the extrenme heating over
t he Sahara desert that establishes a reversed | ower-
tropospheric tenperature gradient with higher (Iower)
tenperatures to the north (south), which |eads to easterly
vertical wind shear. The strength of the jet, which is
usual 'y a maxi num near 650 nmb, may be strong enough to

2



cause the potential vorticity gradient to change sign,
which is a necessary condition for instability of the nean
flow (Charney and Stern 1962). At times, this sign change
persists fromthe coast of western Africa to as far as 50°
W (Di cki nson and Molinari 2000) and nay be responsible for
growt h of wave di sturbances that nove off the African

coast.

Ther nodynam ¢ and dynanmi ¢ conditions that contribute
to the mai ntenance of the m dtropospheric jet also lead to
the formation of African easterly waves (AEW). These
waves tilt northeast-sout hwest against the horizontal shear
of increasing easterly winds toward the jet maximum Wth
this tilt, the wave structure is favorable for a conversion
of nmean kintetic energy (R) to eddy kinetic energy (K ) as
t he waves propagate westward al ong the equatorward side of
the jet. Therefore, the large-scale circulation
characteristics over western Africa are conducive to the
formati on and nmai nt enance of the easterly waves. As the
waves nove off the west coast of Africa, they nay nove into
an environnent of relatively | ow sea-surface tenperatures.
The mai ntenance of the waves as they nove toward the west
depends on a variety of factors that include the extension
of the easterly jet, surface heat and noisture fluxes, and

organi zati on of deep convection.

In addition to this primary wave formation region in
the African zone, a secondary region exists north of the
m dt ropospheric jet over Africa (Thorncroft and Hodges

2001) . If the waves exhibit a northwest-to-southeast

tilt, a conversion of K to K can occur on the pol ewar d

side of the mdtropospheric jet. These waves al so grow as

3



t hey nove westward towards the west coast, where they nay

contribute to the formati on of tropical cyclones.

Al ong the west coast of Africa, weak stationary
vorticity maxima often anplify with the approach of an AEW
fromthe east. These nmaxima nay be | ocalized regions
bet ween of fshore trade w nds pol eward of the onshore w nds
of the summer nonsoon over western North Africa. It is
al so possible that these localized centers are actually a
product of differences in data distribution associated with
the | and-ocean interface al ong the coast.

In summary, tropical cyclone formation over the
eastern North Atlantic is |linked to the presence of the
m dt ropospheric easterly jet and periphery di sturbances
that may anplify by drawi ng energy fromthe nean fl ow due
to uni que dynam cal and thernodynam cal conditions.
Fol l owi ng formati on over North Africa, the further
devel opnent of the circulation is dependent on various
physi cal nechani snms over the eastern North Atlantic Ccean.
Forecast accuracy wll be linked to the fidelity of the
nodel in representing the nechani sns descri bed above.

2. Danping Zone

West of the eastern Atlantic formation zone, a region
in the central Atlantic is generally unfavorable for the
devel opment of tropical circulations. Specifically, the
region is unfavorable for the further devel opnent of an AEW
nmoving into the region fromthe east. The danping effect
on an AEWoccurs for two reasons. First, the AEW noves
into a relatively cool oceanic current reginme. Second, the

AEW i s noving away fromthe K to K energy source that
initiated and sustai ned the AEW
4



The AEW formed over Africa where the | ow-Ilevel regine
is awarm relatively noist area with rel ease of convective
instability in advance of the rapidly noving AEW Over the
ocean, the | ower troposphere will be cool and | ess
unstabl e, especially in the trade wind regine with the
capping trade wind inversion. |In the trade w nd regine,
the easterlies reverse to westerlies aloft and such a
vertical w nd shear is unfavorable for tropical cyclone

fornmati on.

As an AEW noves west, it typically experiences a |oss
or dimnishing of the energy sources that initiated and
sustai ned the AEWduring its passage across Afri ca.

Wher eas the m dtropospheric jet over Africa is initiated by
a reversed tenperature gradient (and easterly vertical w nd
shear) because of the extreme heating over the Sahara
Desert, this reversed tenperature gradient is not present
over the Atlantic Ocean. Although the m dtropospheric jet

may continue sone di stance beyond the coast, the K to K
conversion nechanismw || be dimnished. Likew se, the weak
baroclinic energy conversion in the waves over Africa wll
be lost. Wile frictional dissipation will be decreased
over the ocean relative to over land, this is of little
benefit because the maxi numw nds for the AEWare at the
m dt roposphere and the surface winds are relatively weak.

3. Western Atlantic Formation Zone

The eastern Atlantic formation zone extends to about
40° W \Waves that propagate into the central Atlantic
of ten undergo danpi ng due to several reasons related to a
departure fromenvironnental conditions that initiated the

wave formation. Waves that have not devel oped into

5



tropical cyclones prior to entering the central Atlantic
are unlikely to do so until they make the transition

t hrough t he danpi ng zone and reach the western Atlantic.

If a wave nmakes the transit across the eastern
Atlantic while remaining intact, it my forminto a
tropical cyclone after it arrives in the western Atlantic
formati on zone, which is a nore favorable environnent for
tropical cyclone formation than the region along the
African coast. Although the seedling formng into a
cyclone nmay often be traced back to origins over the
African continent, it is the higher sea-surface
tenperatures, the increase in near-surface noisture, and
t he higher trade wind inversion of the western Atlantic
that contribute to tropical cyclone genesis. For the
pur poses of specifying formati on zones, the onus is not
necessarily on determ ning the source region of the
di sturbance that eventually becones a tropical cyclone, but
rather to broadly identify regions where formati on i s nost
conmon.

4. Subtropical Western Atlantic Formation Zone

The fourth major formation zone is in the subtropical
western Atlantic, where two distinct formati on nechani sns
may be responsible for a significant nunber of tropical
cyclone formations. First, baroclinic front formation
occurs when a stagnating front, usually originating from
North Anerica, penetrates offshore and over the warner
coastal oceans. This stagnant baroclinic zone is
characterized by asymmetric vorticity isolines. It may
t ake several days before a dom nant vorticity maximm

forms, and eventually leads to a tropical cyclone. The



other formation type in the subtropical western Atlantic
formati on zone occurs when a strong upper-I|evel |ow
penetrates downward and becones the initial perturbation
for a tropical cyclone. The upper-1|evel divergence
associated with the upper-level low may also indirectly
contribute to intensifying a pre-existing wave in the
easterlies.

B. PLAN FOR THESI S

In this thesis, the capability of NOGAPS to forecast
the formation of circulations that may | ater becone
tropical storns and hurricanes over the tropical Atlantic
is investigated. Girculations, defined by relative
vorticity at 850 nb, will be identified in analysis and
forecast fields. The primary enphasis is during the
formati on period of each circulation. Analyzed and
forecast circulations will be tracked frominitial
detection until they develop into a tropical cyclone or
di ssipate. Conparisons between anal yzed and forecast
circulations will be nmade to evaluate the NOGAPS capability
to forecast formati on based on several physica
characteristics that are known to be inportant in

fornmati on.

For the purpose of this study, the tropical North
Atlantic will be divided into four geographical regions
that may have different influences affecting circulation
formati on and their potential devel opment into a tropical
cycl one. Know edge of the performance of NOGAPS in
forecasting formation, devel opi ng, and non-devel opi ng
circulations can assist the forecaster in interpreting the

NOGAPS products when such a circulation is forecast to



develop in one of the four primary regions of the tropical
North Atlantic.



1. METHODOLOGY

A | arge nunber of anal yzed and forecast fields nust be
exam ned to assess the potential for tropical cyclone
formation. The techni que sumari zed here uses the Tropical
Cyclone Vorticity Tracking Program (TCVTP) devel oped by
Prof essor Patrick Harr. This program which is summarized
in Figure 2.1, synthesizes nodel representations of
vorticity centers to define circulations that nmay or nay
not intensify into a tropical cyclone. It provides a
met hod for an objective detection of centers and then
sunmari zes a nunber of formation-related environnental
parameters associated with each center throughout its life
cycle.

A MODEL DATA

The nodel fields used in the analysis (Table 2.1) are
Navy Operational G obal Atnospheric Prediction System
(NOGAPS) anal yses and forecasts at 06, 12, 18, 24, 30, 36,
42, 48, 60, 72, 84, 96, and 120 hours. Since the area of
interest is Atlantic tropical cyclones, the spatial domain
covers 140W - OWand fromthe equator to 40N. Model
resolution is one-degree |atitude and | ongitude, and the
time resolution is 12 h (00 UTC and 12 UTC). Forecasts
initiated at 06 UTC and 18 UTC were only begun in Mrch
2002, and thus were not avail able for the 2001 hurricane
season, but will be available for the 2002 hurricane
season. The period of study is from25 July — 31 Cctober
2001, which covers tropical stormBarry through tropica

storm Lor enzo.



Table 2. 1. NOGAPS fi el ds used in the TCVTP anal ysis.

relative vorticity (107° s

sea- |l evel pressure (nb)

| atent heat flux (surface) (W m?

shal  ow vertical w nd shear
(500 — 850 nb)(m s ?)

deep | ayer vertical w nd shear
(200 — 850 mb)( ms™)

geopot enti al hei ght thickness
(1000 — 200 mb) (gpm

1000 — 500 nb tenperature difference (K)

vertical notion (Pa s%)

total precipitation (kg m?)

vapor pressure (Pa)

B. ANALYSI S PROCEDURES

Figure 2.1 is a summary of the steps used in the
TCVTP. The sections following this figure describe each
step of the process. Each box along the center of Figure
2.1 is nunbered to correspond to the foll ow ng subsections
that describe the processing contained in the TCVIP

procedur e.
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Current Analysis

ID circulations

@ Pre-existing?

Yesz No
CURRENT Link with create new
ANALYZED » current circulation UNCLAIMED
CIRﬁgté;ION circulation file FORECAST
file § { FILE
@ Loop through current
» Forecast sequence
A Tau=6, 12, ..., 120

ID circulations

Match analyzed
Circulations?

Y&J \No

Add forecast store as

data to unclaimed

circulation forecast

file

No Finished all
fOI'ECEIEStS?

@ &

Search unclaimed forecasts

to find matches with current

analyzed circulation

Store modified current
circulation files

@ Finalize any current

circulation that did not Cl RCFLIJT?I'_I'I ON

have a position in the g DATA
current analysis

Figure 2.1. A description of the steps followed in the
TCVTP process.
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1. Analyzed Crculation lIdentification

As part of the first step in Figure 2.1, relative
vorticity at 850 nmb from NOGAPS is conputed to formthe
basis for identification of circulations. Al relative

Lare identified

vorticity maxi ma greater than 1.0 x 10° s
as trackable circulations. The 850 nb relative vorticity
analysis field for the current nodel integration is

exam ned first. For each trackable circulation, an ellipse
is fit to the outer closed vorticity contour that is at
least 1.0 x 10°st. Figure 2.2 is an exanple of an ellipse
fit to the outer closed vorticity contour in a NOGAPS 850
nb relative vorticity field. The ellipse-fitting routine
is based on the multivariate (east-west, north-south)

normal probability distribution and is defined to span the
0.95 probability level of the distribution. The center of
the ellipse is defined as the position of the relative

maxi mumin the relative vorticity field, and the size of

the circulation is defined to be the area of the ellipse.

2001 G400 024

Latiuce

04 -

Figure 2.2. An exanple of an ellipse fit to a vorticity
contour of 1.0 x 10°s™! that defines a circulation in the
24-h NOGAPS forecast initiated at 00 UTC 04 August 2001.
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2. ldentifying Tracks of Analyzed Circul ations

In step 2 of Figure 2.1, the identified circul ations
fromthe current nodel analysis are conpared to
circulations that were identified in the analysis 12 hours
prior. This conparison is made to see if the recently
identified circulation can be “mtched” to a previously
identified circulation stored in the anal yzed circul ati on
directory of the TCVIP (left box in Figure 2.1). This
directory contains all previously analyzed circul ations
that are currently active. The di stance and the direction
of the new circulation relative to each previous
circulation is used to match circulations in the current
analysis with previously analyzed circul ations. The
di stance and direction criteria vary based on the
transl ati on speed of the analyzed circulation. If the
prior translation speed is small, the all owable direction
orientation to the new circulation is relaxed to allow for
a stalled situation. Wen a circulation fromthe current
analysis is matched to a pre-existing circulation, it
beconmes the next point of that circulation track. If the
circul ation cannot be matched, then the unnatched
circulation is stored as a newfile in the analyzed
circulation directory, where it will be conpared to

circulations in subsequent anal yses.

I nfformation used to identify each circulation and
characterize the ellipse fitted to each anal yzed
circulation is given in Table 2.2. Analyzed circul ations
are assigned a unique identifier (atlyyyymddhh_|at_|on),
where yyyy is the year, mmis the nonth, dd is the day, hh
is the time, lat is the initial latitude, and lon is the

13



initial longitude corresponding to the time and | ocation of
first appearance in the NOGAPS anal ysis. Tracks are thus
identified by the designation given to the first anal yzed
circulation position in the series. Each circulation is

al so described by the vorticity shape, size, and
orientation of the ellipse fit to the outer closed

vorticity contour (2.2a).

Table 2.2. (a) Paraneters used in the ellipse-fitting
to identify analyzed and forecast circulations. (Db)
Addi tional paraneters used to characterize each circul ation
for matching with circulations in the previous 12-h (6-h)
anal ysis (forecast) where avail abl e.

si ze (number of grid points) nane: atlyyyymmudhh_l at_| ong
shape current date-time-group yyyymmdhh
-ellipse major axis forecast time (for forecast
-ellipse mnor axis circul ations)
-angl e of the major axis l'atitude
wr to north I ongi t ude
-correlation of axes

a. b.

In addition to the identifier and ellipse
characteristics, the NOGAPS fields listed in Table 2.1 are
used to cal cul ate average val ues of other atnospheric
vari abl es over each ellipse to characterize each
circulation (Table 2.3). These variables that are comonly
associated with tropical cyclone formati on nay be used to
di stinguish characteristics of forecasts that are accurate
or inaccurate. As a circulation is tracked, a history file
of the variables in Table 2.3 is created that contains one
line per analysis (or forecast) field associated with the
circulation. These history files will be the basis for
anal ysis of the nodel forecast accuracy.

14



Tabl e 2.3. Average or naxi mum m ni nrum val ues of the
at nospheric variables listed in Table 2.1 that are
cal cul ated for each circulation

aver age sea-| evel pressure maxi mum t enper at ur e
(SLP) di fference
m ni mum SLP guadr ant averages of

tenperature difference
quadr ant averages of SLP
average vertical notion
average | atent heat fl ux
maxi mum vertical notion
maxi mum | at ent heat fl ux
guadrant averages of vertica
quadrant averages of |atent not i on

heat fl ux
average precipitation
average shal l ow vertica

shear maxi mum preci pitation
average deep | ayer vertical guadr ant averages of
shear precipitation

aver age hei ght thickness average vapor pressure
maxi mum hei ght thi ckness maxi mum vapor pressure

quadrant averages of height guadr ant averages of vapor

t hi ckness pressure
average tenperature *(m ni mum and maxi num val ues
di fference and |l ocations are included if

t hey exist, otherw se 999)

3. Forecast Circulation ldentification

In step 3 of Figure 2.1, The sane ellipse-fitting
process described in section II.A 1 is applied to all 850
nb relative vorticity forecast fields fromthe current
nodel integration. An ellipseis fit to all relative
vorticity maxi ma that neet the threshold criteria to define
circulations fromall forecast tinmes in the current nodel
integration. Al variables listed in Tables 2.2 and 2.3

are assigned to forecast circulations as well.
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After the circulations in the forecast fields are
identified they are conpared to circul ations that were
identified in the current analysis. A conparison is also
made to link forecast circulations in all forecast fields
(+6 h, +12 h, etc.) of the current nodel integration.

Those forecast circulations that are matched with anal yzed
circul ati ons become the evol ution forecasts for the

anal yzed circulations. Despite the addition of a forecast
circulation to the track, the track is still identified by
the identifier of the first analyzed circulation in the
track. Forecast circulations that are not matched to

anal yzed circul ations are stored in the unclai ned forecast
circulation directory of the TCVIP with other unmatched
forecasts from previous nodel integrations. Unmatched
forecast circulations are named based on the forecast tine
in which they first appear.

4. Linking Forecast G rculations from Previous Mdel

Integrations wth Analyzed Circulations from the
Current Model Integration

The forecast circulation directory (right box of
Figure 2.1) contains all forecasts not yet matched to an
anal yzed circulation. In step 4 of Figure 2.1, al
unmat ched forecast circul ations from previ ous nodel
integrations are now conpared to the anal yzed circul ati ons
fromthe current nodel integration. |f the nmatching
criteria are nmet, unclained forecast circulations fromthe
forecast circulation directory are attached to the anal yzed
circul ation and becone the formation forecasts for the

anal yzed circul ation.
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5. Finalization of Tracks and Forecasts

As shown in step 5 of Figure 2.1, there are only two
outcones fromthis process. The first outconme is the
finalization of a tracked circul ation. Wen no subsequent
nodel integration produces a circulation that can be
mat ched with an existing track, the track is finalized and
stored in the final circulation directory. This collection
of conpleted tracks represents the data avail able for
further analysis. The second outcone is a failure to
successfully match a forecast circulation with an anal yzed
circulation. This results in storage of the forecast
circulation such that it can be assessed as a potenti al
fal se al arm
C. QUALI TY CONTROL AND POST- PROCESSI NG

As with any automated process, quality control
neasures are needed when anal yzing nodel fields with the
TCVTP. The programonly identifies a circulation when it
neets the specified threshold criteria. |In addition,

i ndi vidual circulations are joined together to formtracks
only when the transl ation speed and track orientation
threshold criteria are net. On a few occasions during the
study period, the NOGAPS nodel fields were not avail able,
which resulted in data gaps for tracks. Wiile this was not
a fault of the TCVTP, such instances necessitate a thorough
exam nation of the next TCVTP output to ensure
representative tracks fromthe NOGAPS anal ysis and forecast
fields. Application of the TCVTP in this study did not

i ndi cate systematic errors in the programfor which code
could be witten to automatically correct for gaps or

m sidentifications in the TCVTP process. Until such

17



automated quality control steps can be devel oped, a hunan
nmust be in the |l oop. However, this would normally require
only a few m nutes each analysis tinme because nost of the
tracks are continuous and m ssing anal yses would be rare in
real -tinme operation (vice dealing with archived anal yses as
in this study).

18



[11. ANALYSI S AND RESULTS

A TRACKED VORTI CI TY C RCULATI ONS

The TCVTP was used to track all circulations neeting
the threshold 850-nb relative vorticity criteria in the
tropical Atlantic from25 July — 30 Cctober 2001. The
resulting collection of 121 circul ati ons was categori zed
according to the geographic region at the initial
detection. The circulations were further categorized by
the length of tinme (less or greater than 48 h) they were
tracked in the analyses. In some cases, an additional
classification was whether the first anal ysis appearance

occurred over Africa or over the eastern Atl antic Ccean.

Figure 3.1 is a depiction of all circulations and
their respective tracks from TCVIP, while Table 3.1 lists
the track classifications nmentioned above, excluding the
South American circul ations for reasons explained in
section Il1.A 1 bel ow

40N
30N -
20N -

10N - PR o, b

Eq | ; | | | | | | |
100 OOW 80W 70W 60W 50W 40W 30W 20W 10W oW

Figure 3.1 All tropical Atlantic circulations tracked in
t he NOGAPS anal yses during 25 July — 30 Qctober 2001

19



Table 3.1. Nunmber of tracks in various categories
during 25 July — 30 QOctober 2001 after exclusion of the

South Anmerican tracks in Figure 3.1.

Tropical Atlantic 121
Western Atlantic 19
At Least 2 Days 6
Less Than 2 Days 13
Eastern Atlantic 67
At Least 2 Days 38

1" Anal ysis Over Ccean 21
1" Anal ysis Over Land 17
Less Than 2 Days 29
Reached Ccean 16

Never Reached 13

1. South Anerican Continental Formation

O the 121 tracks identified by TCVIP (Figure 3.1),
circulations fornmed over the northern portion of South
Anerica. This region is characterized by a broad,
per manent region of cyclonic vorticity. Wereas sone of
t hese circul ati ons remai ned quasi -stationary over the
continent, others propagated towards the west, and
frequently continued over the Pacific Ocean. Because of
the nature of the formation regi on and because of the
typi cal direction of propagation away fromthe Atlantic
hurricane formation regions, these 35 tracks were
elimnated fromfurther anal ysis procedures.

2. Western Atlantic Formation

Ni neteen circul ations fornmed west of 40° W(Figure

3.1), and were classified as western Atlantic fornations.

20
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The | ongitude 40° Wwas selected as the eastern limt of
this formation region to facilitate the assessnent of nodel
performance in forecasting circulations entering the
danpi ng zone. Circulations formng west of 40° Wand
noving to the west would be either formng in the danping
zone or noving into the danping zone shortly after
formation. Circulations formng farther east near Africa
woul d have had sufficient tinme to develop prior to entering

the central Atlantic.

These 19 circulations identified in the western
Atl antic were further grouped by the length of time they
appeared i n anal yses. Tracks were categorized as being
| ess than two days or at |east two days. Categorizing the
tracks in this manner was a way to separate the tracks that
eventual |y devel oped into long-lived vorticity circul ations
and potentially tropical cyclones. Six circulations had
tracks of at |east 2 days and 13 had tracks of |ess than 2
days.

3. Eastern Atlantic Formation

The regi on accounting for the mgjority of the TCVTP-
tracked circul ati ons was the eastern Atlantic. Sixty-seven
tracked circulations forned in the eastern Atlantic between
0°Wto 40°W (Figure 3.1). The nmpjority of these tracked
formati ons had histories that could be traced to a
devel opi ng easterly wave over western Africa. As in the
western Atlantic described above, the eastern Atlantic
vorticity circul ations were grouped by length of tine in
the anal yses. The eastern Atlantic category had 38 tracks

of at least 2 days and 29 tracks of |ess than 2 days.
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Eastern Atlantic tracks of at |east 2 days were
subdivided into circulations that had a first anal ysis
appear ance over the Atlantic Ccean (21) and circul ations
that had a first anal ysis appearance over Africa (17).
Eastern Atlantic tracks lasting | ess than two days were
subdi vided into circulations that either formed or noved
over the ocean (16) and circul ations that forned over | and
and never made it to the ocean (13). Perhaps the nost
surprising result of this limted sanpling of circulation
formations is the nunbers over the eastern Atlantic versus
over Africa. The prior studies of regular AEW passages
m ght have suggested that the great majority of
circul ati ons woul d have been over Africa, and that the
eastern Atlantic would have been a dissipation zone rather
than a primary formation zone. This is probably due to the
use of the 850 nb |l evel rather than 700 nmb or 600 nb, which
is the | evel of maxi mum AEW circul ation during the
formati on peri od.

B. FORECAST ERRORS

Tracked circulations fromthe eastern and western
Atlantic regions were exanined to di agnose possible
recurring errors that mght be common to a specific track
category. Anal ysis of the NOGAPS forecasts was perforned
for each track, both at the formation tine and at the end
of the track

1. For mati on Forecast Assessnent

All circulation forecasts were anal yzed to assess how
wel | the nodel prediction for formation agreed with
observed formation events. Forecasts were either on-tine,

early, or late. The strictest criteria were set for
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determ ning an on-tine forecast. Specifically, the
formation forecast tine had to exactly coincide with the
first appearance of a relative vorticity maxi nrumin an
analysis. A nore relaxed condition was al so tested wherein
a +/- 12-hour error was allowed, wth corresponding
nodi fications in the definitions of late and early
formation errors.

a. Western Atlantic

For the 19 circulation formations in the western
Atl antic, 50 forecasts were nmade prior to the actual
appearance of a vorticity circulation in an analysis. Wen
applying the strict (relaxed) definition of on-tine to
t hese forecasts, 23 (39) were on-tinme, 18 (5) were early,
and 9 (6) were late. Due to a limted nunmber (20) of
formation forecasts for circulations tracked at |east 2
days, analysis did not produce a trend of nore early
forecasts or nore |late forecasts. The nunber of on-tine,
early, and |ate forecasts were 11, 5, and 4, respectively.
However, the circulations lasting | ess than two days had
nore than twice as many early formation forecast errors
than late errors (13 versus 6). Unfortunately, the nunber
of circulations tracked in the western Atlantic did not
provi de enough cases for an in-depth analysis of a forecast
timng error trend. Therefore, a tabular error sunmmary for
western Atlantic formation forecasts is not included. A
data set consisting of nore western Atlantic circul ations
woul d be required before assessing any fornmation forecast
error trends in NOGAPS.
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b. Eastern Atlantic

Tabl e 3.2 summari zes the error in forecasts made
for the 67 tracked circulations in the eastern Atlantic.
Errors based on both strict and rel axed definitions are
i ncl uded. Forecasts in this region are categorized by
whet her the forecasts were nade for circulations formng
over Africa or the eastern Atlantic Ocean, as well as by
whether the circulation lived | ess than or nore than 2
days. Additionally, forecasts are subdivided by the
formation forecast error categories (on-tinme, early, or
| ate).

Table 3.2. Summary of formation forecast timng
errors (On-tine, early, and late) based on both strict and
rel axed on-tinme criteria for categories of circulations
forming in the eastern Atlantic zone.

STRICT OH-TIME RELAXED OH-TIVME
CRITERIA CRITERIA
Atleart T daye Optme Eawlr  Late  Ontime Ewkr  Late

e s 35 |35 | 1g | 59 | 18 | 9

Fommatiw arer E. Stlatic

Less than 2 days
Herermeadued oceay 29 16 5 45 4 1

12 ] 29 39 1 14

Eeached ocea 5 3 55 4 4 7

This zone yielded several interesting error
trends for the formati on forecast assessment of NOGAPS. A
total of 226 forecasts were made for the circul ations
formng in the eastern Atlantic. Wthout considering the
forecast interval, 91 (170) of these were on-tine, while
135 (56) were either early or late followi ng the strict
(relaxed) criterion for an on-time forecast. Although this
significant reduction of formation timng errors for the

relaxed criterion is interesting, the remainder of this
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section pertains to the errors resulting fromapplication

of the strict criteria, except where noted.

Focusing on the eastern Atl antic circul ations
that had tracks of at |east two days, 35% 11% and 54 % of
forecasts for circulations first appearing over the eastern
Atl antic Ccean were on-tinme, early, and |l ate, respectively.
On the other hand, for circulations formng over Africa,
42% 36% and 21% of forecasts were on-tine, early, and
| ate, respectively. This trend continues when exam ni ng
the eastern Atlantic circulations tracked | ess than 2 days.
For circulations that formed over the ocean, or were
tracked over the ocean at some point in their history, 19%
19% and 62% of the forecasts were on-tinme, early and | ate,
respectively. For circulations that never tracked over the
ocean, 58% 32% and 10% of the forecasts were on-tine,
early, and late, respectively. It is concluded based on
this sanple that circulations form ng over Africa are
forecast by NOGAPS to formtoo early while circul ations
formng over the eastern Atlantic are forecast to form

| ater than they actually do.

A concern to the operational forecaster is the
accuracy of formation forecast timng relative to the
length of tine prior to actual formation. That is, high
rates of timng errors for forecasts nmade 12 h prior to
formati on woul d be a greater concern than high rates
occurring in forecasts made 120 h prior to formation.

Table 3.3 summari zes the occurrence on-tine, early, and
|ate formati on forecasts based on tinme (< 2 days, 2-3 days,

or > 3 days) prior to formation.
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Table 3.3. Summary of formation forecast timng
errors for both strict and rel axed on-tine criteria.
Forecasts are those made for all circulations formng in
the eastern Atlantic Ccean, and are categorized based on
the tine the forecast was nade relative to actual fornmation
(< 2 days, 2-3 days, or > 3 days).

STEICT OH-TIME EELATED OH-TIHE
Time priorto adml CEITERTLA CEITERLS,
=3days | 13 12 1 g |20 | O

23 days | 31 22 25 13 | 4% 11

12 57 49 4 = an

= 2 days

Wth forecasts nade greater than 3 days prior to
formation, it is nore likely (unlikely) to have early
(late) forecasts as integrations only take place out to 120
h. This is borne out for both strict (only 1) and rel axed
(0) late forecasts. The one |ate forecast and seven of the
early forecasts were within 12 h, so wth the rel axed
criterion the on-tinme performance (71% is quite good

conpared to the early forecasts.

Wth forecasts nade | ess than 2 days prior to
formati on, the predonm nant tendency would be for nore |ate
forecasts than early forecasts. This is borne out for the
strict and rel axed cases as well. In the latter case, an
appearance in the initial fields of the —12 h forecast
woul d satisfy the relaxed criterion. The 76%rel axed on-
time performance in these short-termforecasts is

consi dered favorabl e.
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For the internediate intervals, both early and
| ate forecasts m ght be expected, but with the strict
definition a slight tendency for early forecasts exists.
Wth the relaxed definition, the early and | ate forecasts
are essentially the same, and 49 of 73 (67% of the
forecasts are on-tinme. 1In all three categories, relaxed
on-time is close to 70% (as earlier summari zed), which
i ndi cates al nost no dependence on the tines the forecasts
were nmade relative to actual formation

2. End-of-Track Forecast Assessnent

While the primary enphasis in assessi hg NOGAPS
performance is placed on the forecast of formation events,
forecasts nade for the end of a circulation track are al so
of interest. That is, if a circulation actually dissipates
before leading to a tropical cyclone formation, it is
i mportant for NOGAPS to al so forecast that scenario.
Exam ni ng end-of-track forecasts may reveal instances where
NOGAPS tends to forecast a vorticity circulation to exi st
| onger or dissipate earlier than it actually does. These
possi bl e i nstances woul d be over-forecasts or under-
forecasts of a circulation’s lifespan. Wen the error
occurs shortly after formation, it can be viewed as a type
of formation forecasting error. Figure 3.2 is a sumary of
end-of track forecasts for the western and eastern Atlantic
circulations that appeared in analyses |ess than 2 days.
Notice that although a few of the forecasts term nate the
circulation prematurely (dots to left of vertical axis),

t he predom nant tendency is clearly for too long |life-spans

for this sanple.
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End- of - Track Forecast Summary
Tropical Atlantic Centers Lasting Less Than 2 Davs

\Westler n L

Bastler n |

o4 — -40 —ob -Z24 — 4 O O oU
Hours Rel ative to the Last Anal yzed Position

Figure 3.2. Summary of all NOGAPS forecasts of fornation
(left dot) and the end of a circulation (right dot) for
circulations in the western (top section) and eastern
(bottom section) Atlantic Ocean that lived | ess than 2
days. The x-axis represents time relative to the |ast

appearance of a circulation in an analysis. Forecasts that

under -predi cted, accurately predicted, and over-predicted
circulation lifespan are represented by the green, bl ue,

and red |ines, respectively.

a. Western Atlantic

In the western Atlantic, only 13 circul ati ons
were tracked for less than 2 days. For these circul ations,
a total of 24 forecasts were nade between the tinme of the
first appearance in an analysis and the |ast anal ysis
appearance. Only 3 of the 24 exactly predicted the final
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time a circulation would appear in an analysis. The vast
maj ority of the forecasts (19) predicted that the
circulation would live longer than it actually did, as is
evi dent by the abundance of red (long) lines in Figure 3.2.
This may indicate a tendency for NOGAPS to over -forecast
the |ife expectancy of relatively weak western Atlantic
vorticity circulations, which is an error simlar to a

fal se al arm

b. Eastern Atlantic

For the 29 vorticity circulations tracked | ess
than 2 days in the eastern Atlantic formation region, 80
forecasts were made between the first anal ysis appearance
and the final analysis appearance of the circul ations.
Overall, only 11 forecasts net the strictest criteria for
predicting the end of a circulation’s appearance in the
anal ysis by exactly coinciding with the final appearance.
Conversely, 47 forecasts were predictions that the
circul ati ons woul d persist |longer than they actually did
(Figure 3.2). As in the western Atlantic cases, this would
i ndi cate a nodel tendency to over-forecast a circulation's
lifespan, and thus create a false alarmtype error.

3. Special Error Categories
a. M ssed Formations

O her types of errors were present in the
forecasts for the circulations formng in the tropical
Atlantic. One type of error that occurred in both regions
was a mssed formation. In these instances, a circul ation
appeared in an analysis wthout any prior forecasts for
formation. Three circulations in the western Atlantic were

tracked in the NOGAPS anal yses that never were detected in
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a forecast. 1In the eastern Atlantic, nine circul ations
formed w thout detection in a NOGAPS forecast.
Specifically, all nine of the m ssed formations were
circulations that formed over the eastern Atlantic Ccean
rather than over Africa, which would indicate that ocean
formations are nore difficult to predict than formations
t hat occur over land. |In addition, five of the nine m ssed
circulation formations were for circulations that |ived at
| east 2 days. Thus, the error is not restricted to short-
lived vorticity circulations with short tracks.

b. Ski pped Forecast Periods

Figure 3.3 is a depiction of a forecast sequence
that includes a skipped forecast period, which can be
i kened to an under-forecast error. 1In this case, a
circulation that appeared in an analysis at tine 00 h was
forecast to appear in all nodel integrations initiated
bet ween -96 h and -48 h, and again between -24 h and -12 h.
Even though only the last two forecasts had the correct
timng, each of these forecasts included a formation.
However, the —-36 h nodel integration did not include a
forecast for the same vorticity circulation. Thus, this

forecast is defined to be a skipped forecast.
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Figure 3.3. Exanple of a series of forecasts initiated at
the tinme of the left dot that forecast a circul ation
formation at the time of the right dot. However, the
forecast that was initiated at —36 h did not predict a

formati on, which is then defined as a skipped forecast.

Thi s ski pped forecast error was a conmmon
occurrence in both the western and eastern Atlantic
regions. The highest ratio of skipped forecasts-to-
forecasts made was for the eastern Atlantic circul ations
that forned over the ocean or were tracked over the ocean
at sone point. For the 91 formation forecasts in these
cases, there were 21 skipped forecasts. The skipped
forecasts could sinply be a result of the forecast 850 nb
vorticity value tenporarily being below the threshold
value. Still, the phenonena should be viewed as an error
since an analyzed circulation did form The |arger
occurrence of skipped forecasts over the ocean than over
Africa may be attributed again to the data distribution
differences with fewer and nore erratic observations over
t he ocean.

c. False Alarns

Forecasts for a circulation formation without the
appearance of a circulation in an analysis are classified
as false alarns. The criteria here for a fal se al arm event

are that the forecast circulation had to be tracked for at
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| east two consecutive forecast intervals, and that the
circulation had to appear in at |east two consecutive nodel
integrations, or no nore than 24 hours between forecast
appear ances.

Figure 3.4 is a depiction of the 14 false alarns
in the tropical Atlantic neeting these criteria during 25
July — 30 Cctober 2001. Notice that sonme of these false
al arms persisted for the mnimumof 24 h, but others
persisted for as long as 60 h. Only one |ong-Ilasting,
gquasi -stationary false alarmwas initiated over Africa.
Al'l of the remaining cases were over the Atlantic. Six
false alarns were initiated east of 40° W while the other
ei ght began west of 40° W This leads to a nmuch higher
false alarmrate in the western Atlantic (32% than in the
eastern Atlantic (9% . The total false alarnms (14) vice
the total nunber of formations (86) gives a rate of about
12%

A
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Figure 3.4. Plot of all false alarmerrors for the period
of the study. Track points and tracks of the sane col or
that are grouped near one another indicate forecasts
related to the sane circul ation
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C. VERI FI CATI ON OF FORECAST VARI ABLES

Verifying the value of a given forecast variables
agai nst the actual value froman analysis is one way to
assess the performance of NOGAPS forecast of vorticity
circulation formation. One goal of the verificationis to
explain the over devel opnent or under devel opnent of
vorticity circulations in relation to formation timng

errors.

In this study, verification is perfornmed using two
met hods. The first nethod consists of conparing the
forecast values of a given variable froma group of
forecasts with the actual val ue observed at the analysis
time. Forecast values of relative vorticity and sea-|evel
pressure (SLP) from various forecast tinmes are verified

agai nst observed val ues at the correspondi ng anal ysis tine.

The second nethod involves verifying a group of
forecast val ues agai nst observed val ues once a specific
vorticity or stormstrength threshold is reached. 1In this
study, the forecast variables are conpared to the analysis
val ues at tinmes when circul ations reached a vorticity of
2.5 x 10°s* and 3.0 x 10°s! as well as at the time of
the first warning issued by the National Hurricane Center.

1. Verification of Forecast Variables Against Values

at First Appearance

The procedure for verifying a forecast val ue agai nst
the actual value in the verifying analysis will be
explained with the schematics in Figures 3.5-3.7. The x-
axis in each figure represents hours relative to the first

33



appearance of a circulation with 850-nb relative vorticity

greater than 1.0 x 10° st

As an exanple of this verification nethod, assume that
at time =36 h (Figure 3.5) a 36-h NOGAPS forecast was for
the formation of a vorticity circulation (boxes a, b in
Figure 3.5). Subsequent forecast values at 48 h, 60 h, .,
120 h predict the evolution of this circulation that forned
on-time (box c). The forecast for circulation formation is
on-tine in that a circulation did format tine 00 h (box
d). Since the 36-h forecast involves no timng error, the
forecast value of vorticity or SLP fromthe 36-h forecast
woul d be verified against the value observed in the tinme 00

h anal ysis (box e).

Hours relative o first analysis appearance

—
/ [36]+48 +72 +84 +96 +120,
» 'Y

96 -84 —72 -60/—~48-36 24 11200 |12 24 36 48 60 72 84 96

T c. Subsequent fogts for the

evolution of citculation fogt
a. Initial 36-h feat to form at tirme 00 b
made at time —36 h

d. 1 analysiz appearanice at time 00 b

b.Fiatto form at time 00

e.Frat worticitw or 3LP values from 36-h fogt are compared
with observed values from time 00 h analysis

Figure 3.5. A 36-h NOGAPS forecast made at tinme —-36 h (box
a) indicates a predicted formation time of 00 h (box b).
Subsequent forecasts (box c) predict evolution of
circulation. First analysis appearance at tinme 00 h (box
d) results in no forecast timng error, and forecast val ues
of vorticity or SLP are verified agai nst observed values in
time 00 h analysis (box e).
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In Figure 3.6, assune that at tine —-36 h the NOGAPS
makes a 24-h formation prediction (box a). This prediction
woul d result ina formation at tinme -12 h (box b).
Subsequent 36-, 48-, 60-, 72-, 84-, 96-, and 120-h
forecasts predict the evolution of the circulation (box c).
Because the circulation did not actually appear until the
analysis at tine 00 h, there was a 12-h early timng error
in the 24-h formation prediction (box d). Verifying
forecast variables such as vorticity or SLP can be
acconplished in several ways. In this approach, the
forecast values are verified against the observed values in

the tine 00 h analysis (box e).

Hours relative to first analysis appearance

+
+
+
¥

96 -84 72 6048 36 24 —12[0] 12 24 36 48 &0 72 84 96

c. Jubsecquent fogts for the

evalution of circulation fgt
a. Imtial 24-hfgst to form at time —12 h
made at time =36 h

y d. 1 analysis appearance at time 00 b
h.Erst to form at time —12 h

e.Frost worticitsr of SLP walues from 24-h fogt are compared
with ohserved walues from time 00 b analysis

Figure 3.6. A NOGAPS 24-h forecast fromtime —-36 h (box a)
predicts circulation formation at tine -12 h (box b).
Subsequent forecasts predict the evolution of the
circulation that forned at tine -12 h (box c). Actua
circul ati on appearance occurs at tine 00 h (box d), which
results in a 12 h early timng error for the 24-h formation
forecast. Forecast variables at 36 h are verified against
observed values fromthe tine 00 h analysis (box e).
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Figure 3.7 is an exanple of the final timng error to
mention. In this exanple, a 48-h forecast of formation is
made at time —36 h (box a), so that the circul ation
formation is forecast at tinme +12 h (box b). Subsequent
forecasts predict the evolution of the circulation that is
forecast to appear at time +12 h (box c). Since the first
actual appearance of the circulation is at tinme 00 h (box
d), this results in a late timng error of 12 h for the 48-
h formation forecast. In the case involving a late timng
error, verification of forecast variables cannot be
acconpl i shed by conparison with the observed variables in
the tine 00 h anal ysis because the NOGAPS forecast was not
predicting a formation to occur at this tine. Instead, the
observed variabl e values at analysis tinme +12 h are used to

verify the 48-h forecast values (box e).

36



Hours relative to first analysis appearance

.______ﬁ__.—mL
/ : 172 46t 496 | 120,

H e
—*—r¢ A

? &
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made at time —36 h
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c. subsequent fiogts for the
evolution of circulation fogt
to form at time +12h

d. 1%t analysis appearance at time 00 b

b.Fratto form at time +12 h

e.Frat worticityr or SLP walues from 42-h fiost ate compared
with obzerved values from tire 00 h analysis

Figure 3.7. A NOGAPS 48-h formation forecast is mde
beginning fromtinme -36 h (box a), which predicts
circulation formation at time +12 h (box b). Subsequent
forecasts are predictions for the evolution of the
circulation predicted to appear at tinme +12 h (box c). The
actual first analysis appearance occurs at tinme 00 h (box
d), which results in a late timng error of 12 h for the
48-h forecast. Verification of forecast variables in the
48-h forecast is acconplished by conparison with observed
values at time +12 h (e).

For sinplicity, the exanple above included only three
36-h forecasts of formation that were either on-tine
(Figure 3.5), early (Figure 3.6), or late (Figure 3.7).
Several nore forecasts for the formation of a circul ation
could al so occur beginning with a 120-h forecast and
i ncluding every 12-h tine step until formation. These
forecasts for each circulation formati on may include any
conbination of late and early timng errors as well as
forecasts with no timng error. For each circulation
formati on, the subsequent part of the forecasts follow ng

formation predict the evolution of the circulation.
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Al formation forecasts are classified as early, on-
time, or late. Al groups of forecasts for all circulation
formations yield several “strings” of forecasts. As
denonstrated in Figures 3.5-3.7, the first potenti al
verifying tine for the forecasts in each string is at the
time of actual circulation formation, and the subsequent
12-h forecast values after formation tine are predictions
for the evolution of the forecast circulation. Figure 3.8
is an exanple of three colums of verifications associated
with a series of early formation forecast strings al
initiated 72 h prior to actual formation. One “di nension”
inthis verification is in “colums” of forecasts having
the sane forecast interval (where the forecast interva
(tau) can be +12 h, +24 h, +36 h,.., +120 h). \Whereas each
colum in Figure 3.8 consists of forecasts having the sane
forecast tau, these colums for verification do not depend
on how late or early the timng error for the formation
forecast was. The |left-nbst dashed colum in Figure 3.8 is
conprised of 72-h evolution forecasts stemm ng from
different early formation forecasts. The 72-h forecast at
the top of this colum is part of the forecast sequence
subsequent to a 12-h formation forecast. The next forecast
inthis colum is part of the sequence of forecasts
stemm ng froma 24-h formation forecast, and so on. Since
all 72-h forecasts in the |left-nost dashed col unm coi nci de
with the analysis tinme 00 h, the 72-h forecast variable
val ues woul d be verified agai nst observed values in the 00
h anal ysis. The m ddl e dashed colum is conprised of al
84-h forecasts made in the group. These forecasts coincide
with the circul ati on appearance at analysis tinme +12 h, so

t hese forecasts would be verified agai nst observed val ues
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fromanalysis time +12 h. The right dashed col um contai ns
96-h forecasts and these values wll be verified against
observed values fromthe +24 h analysis time. Thus, the
second “dinension” in this verification is the tines after

actual formation.

é

Fo o e TR R £ SR R e

2060 48 36 =24 =12 00 12 24 36
Hours relative to first analysis appearance

Figure 3.8. Series of early formation forecasts and their

subsequent strings of evolution forecasts. All forecasts

in the sane colum (having the sanme tau) will be verified

agai nst the same analysis tinme. That is, 72-, 84-, and 96-

h forecasts will be verified against values from anal ysis
times 00 h, 12 h, and 24 h, respectively.

Forecasts are first classified into the various
categories in Table 3.1. Formation forecasts (and their
subsequent evolution forecasts) fromthese categories are

further subdivided into forecasts that are early, on-tineg,
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or late. Formation forecasts having the sanme formation
timng error are then categorized into groups of forecasts
havi ng the same forecast interval (tau) coincident on the
sane verifying analysis tinme (as denonstrated in Figure
3.8). Forecast variable values for these forecasts will be
verified against that same analysis tine. Figure 3.9 is a
summary of the steps taken in groupi ng common forecasts for
verification. For exanple, fromall forecasts (box a)
consider the formation forecasts for all circulations that
formed in the eastern Atlantic, and persisted at |east two
days (box b), and were formation forecasts (and subsequent
evol ution forecasts) with early timng errors (box c).
Consider only the 72-h forecasts that are to be verified
with the 00 h analysis variables (box d). Al forecasts

nmeeting these criteria would be grouped together for

| = ATl forecasts
b :
L] forecasts ina cormrmon
category from Table 3.1
[
L1 forecasts in
a corornon fore cast
error cate gory

verification.

A1 forecasts having
the sarne forecast
intersral (tan) that
comncide with the
gatne analysis tirne

E

Figure 3.9. Description of the process for grouping
forecasts for verification

Once all forecasts with the same forecast interva
(tau) that are to be verified at the sane anal ysis tine

have been grouped, the variable val ues fromi ndi vi dual
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forecasts are conpared to observed val ues at the
verification analysis tine to determne the error in each
forecast. An average error is then calculated for the
group. Gaphs in the two “verification dinensions” are
used to summarize the errors for the different forecast
groups (Figure 3.10 — 3.15). Each graph is specific to a
forecast variable, forecast timng error category, and
category from Table 3.1. Each graph consists of several
lines, and each line is comprised of several points. The
points on each line are the average errors corresponding to
forecast groups having the sanme forecast interval tau,
which is the first verification dinmension. The series of
points formng a line are different forecast groups having
the sane tau that were verified against the sane verifying
analysis time, which is the second verification dinension.
The groups of lines on each graph represent error |ines for

different analysis verification tinmes.

The forecast errors for 850 nb relative vorticity with
no formation forecast timng errors are shown in Figure
3.10. Consider the first dot, which is for all 12-h
forecasts that verified on-tinme at the actual formation
time. By the definition of formation, this is the first
time that the 850-nb relative vorticity has just surpassed
1 x 10° s in both the forecast and the analysis. Thus,
both val ues are just above the 1 x 10> s™! threshold and the
difference (forecast error) must be small. For this sane
reason, small differences are expected for all other on-
time forecasts. Successive dots in Figure 3.10 are for 24-
h, 36-h, 48-h, and 60-h forecast intervals, all of which
represent on-tinme forecasts verifying at |onger forecast

time intervals. No values are shown for |onger forecast
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intervals since the sanple size is too small for
significant values. These errors in forecast relative
vorticity for on-tinme forecasts are not significant, with
the majority of errors within +/- 0.4 x 10° st for all
forecast time intervals and at all verification analysis

times.

The squares in Figure 3.10 are for verifications 12 h
after formation time. Since all forecasts for this graph
are for on-time formations, the differences between the
I ines connecting the on-tinme 00 h verifications and the +12
h verifications are for the error growmh over that 12-h
interval. Notice that the first forecast that can be
verified 12 h after formation tine is a 24-h forecast,
which is the first square in Figure 3.10. The second
square is for all 36-h forecast errors verifying at 12 h
after formation time, etc. The sanple sizes are such that
forecast errors for intervals up to 72 h can be verified.
Since all of these +12 h after formation error
verifications in Figure 3.10 are small, the additional 12-h
error growh is small for these on-tinme formation

verifications.
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E-ATLS> 2 days: Analyvzed Circulation not in the Initial Conditions
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Figure 3.10. Average forecast values of relative vorticity
for formation forecasts with no timng error nade for
circulations formng in the eastern Atlantic Ocean that
| asted at |east 2 days. As shown in the inset, the circles
indicate all forecasts verifying at the formation tinme, so
that the first dot is for all 12-h forecasts verifying on-
time, the second dot for all 24-h forecasts verifying on-
tinme, etc. The squares are the on-tinme verifications at 12
h after formation time, so the first square is for all 24-h
forecasts, the second square is for all 36-h forecasts,
etc. The remaining lines are for |ater on-tine
verifications at 24 h, 36 h, and 48 h after formation tine,
and each group begins with a | onger forecast interval tau.

As shown in the inset of Figure 3.10, other
verification tines up to 48 h after formation tine can be

cal cul ated for these on-tine formation forecasts. For each
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| onger verification tinme, a 12-h | onger forecast interval
can be verified, but the sanple sizes also limt the length
of forecasts. Thus, the first entry on each line is 12 h

| ater on the x-axis, and each successive line in Figure
3.10 is shorter. Notice that nost of the values are small
so these on-tinme formation forecast error growths are
smal |, except beyond 60 h. One interpretation is that
NOGAPS has successfully fornmed a circul ation, but then
systematically under-anplifies this circulation relative to
the real circulations that grow follow ng formation

Figure 3.11 is a simlar summary of the average
relative vorticty forecast errors for all forecasts with
early formation timng errors made for circulations formng
in the eastern Atlantic Qcean that |asted at |east 2 days.
Because these circul ations were forecast to format various
times earlier than the observed formation tinme, it mght be
expected that the forecast circul ati ons woul d have
consistently higher relative vorticity val ues than
observed. This error contribution may be regarded as a
timng error resulting froman early formation forecast.

In addition to the timng error resulting fromthe early
formation timng error, there is also an inherent nodel

error related to the increase in forecast interval.

Consider first the verifications at 00 h formation
time (circles) in Figure 3.11. The first forecast interval
that could have an early formation time (-12 h) and could
be verified at 00 h is a 24-h forecast tau (first circle in
Figure 3.11). Because this 24-h forecast had an additiona
12 h growt h period beyond the 12 h early forecast formation
time before being verified at 00 h, the relative vorticity
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error is positive (0.5 x 10° s™'). Simlarly, the early 36-
h and 48-h forecasts verifying at the 00 h formation tine
al so had positive errors that can be attributed to an early
timng error contribution. However, all of the |onger
forecast intervals (except 72 h) verifying at 00 h have
negative relative vorticity errors rather than the expected
positive timng error contributions. These negative errors
are interpreted to arise fromnodel errors that
systematically under-forecast the real anplification of
circulations and counter the expected positive timng error
contri bution.

E-ATL!= 2 days: Early Timing Error

00 h After First Analysis Time
12 h After First Analysis Time
24 h After First Analysis Teme
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Figure 3.11. Average forecast errors for relative
vorticity as in Figure 3.10, except for formation forecasts
with an early forecast timng error made for circul ations
formng in the eastern Atlantic Ccean that |asted at | east
2 days. Since an early 12-h timng forecast error requires
at least a 24-h forecast, the first circle is a forecast
interval tau of 24 h.
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Figure 3.12 is a simlar summary of the average
relative vorticity forecast errors for all eastern Atlantic
forecasts with late formation timng errors. Because these
circulations were forecast to format various later tines
than the observed formation time, it mght be expected that
the forecast circulations would lag in devel opnent conpared
to the actual circulations. This late forecast timng
error would be manifest in forecast values of relative
vorticity being consistently |ower than the observed

val ues.

The first forecast interval tau that can be verified
for alate formation is a 24-h forecast from12 h prior to
formation that verifies 12 h after formation, which is the
first square in Figure 3.12. As expected, this value is
negative (-1.0 x 10° s'!) for this late tining forecast
error. Oher longer termforecasts verifying 12 h after
formati on al so have negative (or near-zero values), but not
with increasingly |arge negative errors for |arger forecast
intervals. This error tendency is generally the sane for
the late formation forecasts verifying at later tines after
formation time (Figure 3.12). The interpretation is again
that nodel forecast error has a larger contribution with
i ncreasing forecast interval than does the timng error

contri bution.
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E-ATL!> 2 days Late Timing Error
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Figure 3.12. Average forecast errors for relative
vorticity as in Figure 3.10, except for fornmation forecasts
with a late forecast timng error made for circul ations
formng in the eastern Atlantic Ccean that |asted at | east
2 days. The first forecast interval tau that can be
verified for a late formation is a 24-h forecast from12 h
prior to formation that verifies 12 h after formation,
which is the first square in the figure.

Figures 3.13-3.15 are simlar to Figures 3.10-3.12,
except that Figures 3.13-3.15 sumarize the average SLP
forecast errors for on-tine, early, and late fornmation
forecasts, respectively. These figures substantiate sone

of the tendencies observed in Figures 3.10-3.12.

Figure 3.13 is a summary of the average SLP forecast
errors for formation forecasts with notimng error. G ven
that the forecast errors for 850-nb relative vorticity in

Figure 3.10 were small for on-tinme forecasts, it was
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expected that the SLP errors would also be snmall. Wereas
the SLP errors are small for the on-time forecasts of 36 h
through 72 h verifying at formation tinme (circles in Figure
3.13), the 12-h and 24-h forecasts are about 1 nb too deep.
These overly deep SLP centers may arise froma heated | and
bi as over Africa, but that would not be expected for
formati ons over the eastern Atlantic. The other forecast
errors in Figure 3.13 that are verified at |later tines
after formation also have a tendency to be negative
(forecast SLP too I ow), rather than being near-zero for on-
time formation forecasts. Thus, SLP errors of the order of
1 nb may be representative of nodel uncertainty even when
the 850-nb vorticity is correctly predicted.

E-ATLS = 2 days: Analyzed Circulation not in the Initial Conditions
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Figure 3.13. As in Figure 3.10, except for SLP errors for
formation forecasts with no timng error nmade for
circulations formng in the eastern Atlantic Ccean that
| asted at | east 2 days.
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The average SLP forecast errors for formation
forecasts with an early timng error are sunmarized in
Figure 3.14. The average errors are negative (forecast SLP
too low) for 24-h and 36-h forecasts verified at the first
anal ysis time, which is expected for an early tinmng error
contribution. That is, the early formation timng error
causes the nodel 850-nb relative vorticity to be too |arge
(Figure 3.11) for the 24 h and 36 h forecasts, so one would
expect the corresponding SLP forecasts to be too I ow. Just
as this trend is reversed at |onger forecast intervals for
relative vorticity forecasts verifying at the formation
time (Figure 3.11), the SLP errors becone positive at 96 h
and 120 h. For nearly all other analysis tines and
forecast intervals, average SLP errors are positive, which
i ndicates the forecast circul ations are under-devel oped
(not as deep) with respect to the actual circul ations.

Thi s under-devel opnment suggests that the positive errors
arise fromnodel errors that systematical ly under-forecast
the real anplification of circulations and counter the

expected early timng error contribution.
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E-ATL{= 2 days: Early Timing Error
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Figure 3.14. As in Figure 3.11, except for SLP forecast
errors for formation forecasts with an early forecast
timng error made for circulations formng in the eastern
Atl antic Ccean that |asted at |east 2 days.

Figure 3.15 is a summary of average SLP forecast
errors for formation forecasts with a |late forecast timng
error. Positive SLP errors for 24-h forecasts verified 12
h after the first anal ysis appearance are as expected for
formation forecasts with a late tinmng error. However, the
expected result of increasingly greater positive SLP errors
is not evident for the verifications 24 h and 36 h after
formation time (dianonds and asterisks in Figure 3.15).
Sone evidence exists for a too high SLP for verifications
at 48 h after formation, but the magnitude is | ess than
1.25 nb, which may not be significant in view of the
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scatter in these SLPs. Interpretation of these errors is
agai n that nodel forecast error has a |arger contribution
wi th increasing forecast interval than does the late timng

error contri bution.

E-ATLS> 2 days Late Timing Error
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Figure 3.15. As in Figure 3.12, except for SLP forecast
errors for formation forecasts with a |late forecast timng
error made for circulations formng in eastern Atlantic
Ccean that |lasted at | east 2 days.

2. Verifications at Times of Vorticity Thresholds or
as at Tropical Storm Warning
For this nmethod of verification, forecast val ues
related to the circulations are conpared with the anal yzed
values at the first tinme that the circul ati on reaches a
relative vorticity value of 2.5 x 10°s! and 3.0 x 10° st
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A third verification is at the tine the first tropical

cycl one warning was i ssued by the National Hurricane Center
(NHC) for the circulation, which occurs when the
circulation reached at |east tropical stormstrength. The
tracks of all eastern Atlantic circulations that reached a
relative vorticity value of at least 2.5 x 10°s! are
depicted in Figure 3.16 with the threshold points that

exi st for each track marked appropriately.

E-ATL{2 Days/Land & Developing into at least a Tropical Storm
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Figure 3.16. Tracks of all eastern Atlantic circulations
that reached tropical stormstrength. Colored synbols
i ndi cate points when each circul ation reached a vorticity
value of 2.5 x 10°° s ! (bl ack), reached a vorticity val ue of
3.0 x 10°s™ (red), and had a tropical stormwarning issued
(green).

Average vorticity, SLP, and size errors (Figures 3.17

— 3.19), indicate that the circul ations are under-forecast
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at the first verification tinme when the anal yzed vorticity

1

val ue reaches 2.5 x 10°st.  For exanple, the under-

forecasts of relative vorticity exist for all forecast

intervals starting with 0.5 x 10°s™?!

at 12 h and increasing
to 1.0 x 10°>s™* for the 120-h forecasts. G ven the weaker
cyclonic circulations at 850 nb, it is not surprising that
the forecast SLP's are generally too high through nost of
the forecast periods (Figure 3.18). The consistent under-
forecast of size at all forecast intervals prior to when
the circul ation reached 2.5 x 10°s™*!

(Figure 3.19).

is even nore striking

By the tinme the circul ati ons have reached the
threshold vorticity value of 3.0 x 10°°s™?, the magnitudes
of the under-forecast errors have all increased. For al
forecast tines, the average forecast relative vorticity
val ues are too |low (Figure 3.17), the average forecast SLP
val ues are too high (Figure 3.18), and the average forecast
sizes are too small (Figure 3.19). The surprising result
is that marked reductions in the average forecast errors of
all three variables have occurred by the tinme a tropical
storm warni ng has been issued for the circulation. Based
on this limted sanple, these forecast verifications
i ndi cate a NOGAPS tendency to under-devel op Atlantic
tropical circulations at early stages before they
eventual |y develop into tropical stornms. This tendency is
somewhat corrected by the tinme a circul ati on has been
issued a tropical stormwarning by the NHC. Further
anal ysis is needed to explain why the under-forecast
tendency during the early stage would be offset as the

circulation actually was anplifying.
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Figure 3.1/. Sunmmary of forecast relative vorticity error

for circulations at time when the when circul ati ons reached
a vorticity value of 2.5 x 10° s ! (black), reached a
vorticity value of 3.0 x 10°s? (red), and had a tropical
storm warni ng i ssued (green).
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Figure 3.18. Summary of forecast SLP errors for
circulations at tinme when the circul ati ons reached a
vorticity value of 2.5 x 10°°s™? (black), reached a
vorticity value of 3.0 x 10°s? (red), and had a tropical
stormwarni ng i ssued (green).
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Figure 3.19. Summary of forecast size errors for
circulations at time when the circul ati ons reached a
vorticity value of 2.5 x 10°°s? (black), reached a

vorticity value of 3.0 x 10°s? (red), and had a tropical
storm war ni ng i ssued (green).
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V. SUMVARY AND CONCLUSI ONS

The performance of NOGAPS in predicting the fornmation
of circulations in the tropical North Atlantic is assessed
by tracking 121 circulations from25 July — 31 Cct ober
2001. A new tool called Tropical Cyclone Vorticity
Tracki ng Program (TCVTP) devel oped by Professor Patrick
Harr tracks circulations by identifying circulations in
NOGAPS 850 nb relative vorticity analysis and forecast
fields that have a value of at least 1.0 x 10°s™*.  An
ellipse is fit to the outer closed vorticity contour to
define the size of the circulation. Identified
circulations are |linked together to formtracks when

di stance and novenent criteria are net.

The circulations formng in a sem-pernanent vorticity
maxi mum over South Anmerica were elimnated fromfuture
anal ysis since they were not related to subsequent tropica
formati on over the Atlantic. The renaining circulations
were categorized according to whether they formed over
Africa, the eastern Atlantic Ocean, or the western Atlantic
Ccean, the length of tinme appearing in anal yses, and
whet her the forecast for their formation was early, |ate,

or on-ti ne.

Only 19 tracked circulations fornmed in the western
Atlantic (west of 40° W formation zone. This relatively
smal I nunber of cases prevented detail ed anal ysis because
too few tracks were available to reveal any substanti al
systemati c nodel trends. Before any conclusions can be

drawn regarding the performance of NOGAPS in predicting
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circulation formation in the western Atlantic, a study
including nore circulations is necessary. Since the
majority of the circulations in this study fornmed in the
eastern Atlantic formation zone, this region is the foca
poi nt of further analysis.

A FORECAST TI M NG ERRORS

1. Formation Forecast Errors

Al'l circulation forecasts were anal yzed to assess how
wel | the nodel prediction for formation agreed with
observed formation events. Forecasts were either on-tine,
early, or late. The strictest criteria were set for
determning an on-tinme forecast. A nore relaxed condition
was al so tested wherein a +/- 12-hour error was all owed,
wi th corresponding nodifications in the definitions of |ate
and early formation errors.

a. Western Atlantic

For the 19 circulation formations in the western
Atl antic, 50 forecasts were nade prior to the actual
appearance of a vorticity circulation in an analysis. Wen
applying the strict (relaxed) definition of on-tine to
t hese forecasts, 23 (39) were on-tinme, 18 (5) were early,
and 9 (6) were late. For circulations tracked at |east 2
days, the nunber of on-tine, early, and |late forecasts were
11, 5, and 4, respectively. The circulations lasting |ess
than two days had nore than twice as many early formation
forecast errors than late errors (13 versus 6). A dat a
set consisting of nore western Atlantic circulations would
be required before assessing any formation forecast error
trends in NOGAPS.
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b. Eastern Atlantic

This zone yiel ded several interesting error
trends for the formati on forecast assessment of NOGAPS. A
total of 226 forecasts were made for the circul ations
formng in the eastern Atlantic. Wthout considering the
forecast tine relative to first anal ysis appearance, 91
(170) of these were on-tine, while 135 (56) were either
early or late following the strict (relaxed) criterion for
an on-tine forecast.

Focusing on the eastern Atlantic circul ations
that had tracks of at |east two days, 35% 11% and 54 % of
forecasts for circulations first appearing over the eastern
Atlantic Ccean were on-time, early, and | ate, respectively.
On the other hand, for circulations form ng over Africa,
42% 36% and 21% of forecasts were on-tine, early, and
| ate, respectively. This trend continues when exam ni ng
the eastern Atlantic circulations tracked | ess than 2 days.
For circul ations that formed over the ocean, or were
tracked over the ocean at sone point in their history, 19%
19% and 62% of the forecasts were on-tine, early and | ate,
respectively. For circulations that never tracked over the
ocean 58% 32% and 10% of the forecasts were on-tine,
early, and, late, respectively. It is concluded based on
this sanple that circulations formng over Africa are
forecast by NOGAPS to formtoo early while circul ations
form ng over the eastern Atlantic are forecast to form

| ater than they actual ly do.

Wth forecasts nmade greater than 3 days prior to
formation, it is nore likely (unlikely) to have early

(late) forecasts as integrations only take place out to 120
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h. This is borne out for both strict (only 1) and rel axed
(0) late forecasts. The one |ate forecast and seven of the
early forecasts were within 12 h, so with the rel axed
criterion the on-tinme performance (71% is quite good
conpared to the early forecasts.

Wth forecasts nade |l ess than 2 days prior to
formati on, the predom nant tendency would be for nore |late
forecasts than early forecasts. This is borne out for the
strict and rel axed cases as well. In the latter case, an
appearance in the initial fields of the -12 h forecast
woul d satisfy the relaxed criterion. The 76% rel axed on-
time performance in these short-termforecasts is

consi dered favorabl e.

For the internediate intervals, both early and

| ate forecasts m ght be expected, but with the strict
definition a slight tendency for early forecasts exists.
Wth the relaxed definition, the early and |late forecasts
are essentially the sanple, and 49 of 73 (67% of the
forecasts are on-tine. 1In all three categories, rel axed
on-time is close to 70% (as earlier summarized), indicating
there is no dependence on tinmes forecasts were made
relative to actual formation

2. Ski pped Forecast Periods

Anot her result fromthe circulation formation
predi cti ons was the assessnent of skipped forecasts during
the period. |In these instances, a forecast for formation
is made at sonme point prior to actual formation. A skipped
forecast is defined if at sone tinme between the initial
forecast of formation and the actual formation event one or

nore nodel integrations do not include a formation
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prediction for the circulation previously forecast to form
For the 85 formation forecasts nade for eastern Atlantic
circulations formng over Africa, there were only five of
t hese skip occurrences. |In contrast, 12 skips occurred
wi thin the sequences of 54 formation forecasts for
circulations form ng over the eastern Atlantic Ccean. This
hi gher frequency of skips for formation forecasts over the
ocean may indicate a nodel uncertainty arising from sparse
data coverage over water. An alternate explanation nay be
that stronger fluctuations in the relative vorticity
forecasts occur for circulations form ng over water due to
the inportance of noisture processes in the early stages of
circul ati ons.

3. End-of -track Forecast Errors

An assessnent was al so conducted of forecasts for the
end of the circulation. Specifically, forecast
circulations that appeared in the analyses for |ess than 48
hours were exam ned to determine if the end of their
exi stence was accurately predicted. 1In the eastern
Atlantic, 29 circulations fornmed that |asted | ess than 2
days. For these 29, 89 forecasts were nmade between the
first and last tinmes these circul ati ons appeared in
anal yses. O the 89 forecasts, over half (47) were
predi ctions that the circul ati on woul d persist beyond its
actual final analysis appearance. These errors can be
regarded as over-forecasts in the sense that NOGAPS is
predicting circulation life spans that are |onger than
observed. A simlar trend was found for the circul ations
forming in the western Atlantic that lived | ess than 2
days, where 19 of 24 forecasts nade between formation and

final analysis appearance predicted that the circul ation
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woul d persi st beyond the observed final analysis. The
validity of this result is suspect due to the relatively
smal | nunber of forecasts included in the western Atlantic
group.

4. Fal se Al arns

For this limted study in the tropical North Atlantic,
121 circul ations were tracked. Since 14 false alarns net
the criteria outlined in section I11, about 12% of the
forecast circulations were false alarns. Wereas a slight
majority of these false alarns (8) took place in the
western Atlantic formation zone, the percentage of false
alarnms is considerably higher than in the eastern Atlantic
because of the smaller nunmber of circulations that formin
the western Atlantic. Even though this is not a |large
percentage of false alarns, additional study is necessary
to help the forecaster distinguish between fal se alarnms and
actual circulations.
B. VARI ABLE VERI FI CATI ON

Verification of the various forecast variables was
performed in two ways. The first nethod described in
section Ill involved verifying the case-average vari abl e
val ues from forecasts against the average val ues at sone
time in the anal ysis sequence. The other nethod descri bed
in section Ill verified the case-average forecast val ues of
circul ati ons agai nst val ues observed when those
circulations had reached relative vorticity val ues of 2.5x
10°s ! and 3.0x 10°s!, as well as at the time when
warni ngs were first issued by the National Hurricane Center
for the circul ations.
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1. Verifications Summari zed at Anal ysis Tines

This method was only applied to all eastern Atlantic
circulations that appeared in analyses for at |east 48
hours because the nunber of circulations in the western
Atl antic was too small for neaningful statistics. For the
eastern Atlantic circul ations, predicted values of relative
vorticity and SLP were validated for all circul ations
forecasts having late timng errors, early timng errors,
and no timng error. Forecasts were al so categorized by
whet her the circulation fornmed over Africa or over the
eastern Atlantic Ccean, but this grouping did not reveal

any tendenci es based on formation region.

An initial tendency for the verification of forecast
val ues of relative vorticity in forecasts having early
timng errors is for over-forecast values of relative
vorticity. This overly vigorous circulation is expected
because the circulation had fornmed early in the nodel and
continued to strengthen until verification tinme of
formation. Conpared with the strength of the circul ation
that has just formed, the forecast relative vorticity
shoul d be greater. However, at times greater than 48 h in
the forecast, the nodel tends to under-forecast the
relative vorticity. One interpretation is that the
forecast circul ations have already reached a maxi mum
devel opment and are beginning to dissipate, while the
actual circulations continue to develop, or anplify nore
rapidly in nature. This result may be a conbi nati on of
di spersive or physical errors, increased forecast |ength,
and an increased tinmng error. |If the dispersion is too

| arge or physical processes are poorly represented, the
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magni tude of the error may increase with tinme, while the
early timng error would normal |y cause the forecast

circulations to be over-devel oped.

Verification of the average SLP for eastern Atlantic
circulations with an early forecast timng error indicates
that short-term nodel forecasts are accurate (+/- 0.9 nb)
in predicting the SLP of the formng circul ations.

However, the nodel tendency beyond 48 hours is to under -
forecast the predicted value of SLP, and thereby the
forecast circulation is not as deep as it is in nature.
Conmpl i cated and di verse surface processes are involved in
the prediction of SLP. Regardless, this SLP under -forecast
is consistent with the under-forecast relative vorticity
beyond 48 h.

An initial tendency for the verification of forecast
val ues of relative vorticity in forecasts having late
timng errors is for under-forecast values of relative
vorticity (negative average errors). This error is
expected because the circulation had not yet fornmed in the
nodel when the actual circulation was strengthening.
Conpared with the strength of the circulation that had
al ready fornmed, the forecast relative vorticity should be
| ess. Longer-termforecasts al so have negative (or near
zero values), but not with increasingly |arge negative
errors for larger forecast intervals. The interpretation
is that nodel forecast error has a larger contribution with
i ncreasing forecast interval than does the timng error

contri bution.

Verification of the average SLP error in eastern

Atlantic circulations with |ate forecast timng errors
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i ndi cates positive errors for 24-h forecasts verified 12 h
after the first analysis appearance. However, the expected
result of increasingly greater positive errors does not
occur. As with the verification of relative vorticity for
forecasts having late timng errors, interpretation of the
errors is again that nodel forecast error has a |arger
contribution with increasing forecast interval than does
the timng error.

2. Verifications at Tinmes of a Vorticity Threshold or

an | ssued Warning

Aver age forecast values of relative vorticity, SLP,
and the size paraneter indicate a tendency for the nodel to
under -forecast circul ation devel opnent by the tinme the
anal yzed relative vorticity has reached a val ue of at | east
of 2.5 x 10°s™'. These errors are even greater at the tine
the anal yzed rel ative vorticity val ues have reached 3.0 X
10° st  However, this tendency is reversed as the nodel
adjusts to the environnental changes occurring around the
devel opi ng cyclone. By the tine a tropical stormwarning
was i ssued by the NHC, the average error is reduced in the
forecasts of relative vorticity, SLP, and size. Further
analysis is needed to explain why the under-forecast
tendency during the early stage would be offset as the

circulation actually was anplifying.
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V. RECOMMENDATI ONS FOR FURTHER STUDY

The use of the TCVTP in assessing nodel performance in
the prediction of tropical circulation formati on should be
continued in other studies. Specifically, subsequent
studies in the followng |ist would be beneficial to
tropical cyclone formation prediction assessnent while al so
docunenting the real -time potential of the TCVIP

Further analysis based on a multiple year sanple

of circulations in the tropical Atlantic.

Further analysis including a |arger sanple of
circulation formations in the western Atlantic

Zzone.

Further study of forecast verification wusing

tropical stornitropical depression threshold.

Further study that attributes nodel performnce

to specific formation vari abl es.

Conparative studies of <circulations formng in

different tropical cyclone basins.

Study that applies the TCVIP to other globa

numeri cal nodels for conparison wi th NOGAPS.
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