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ABSTRACT

Eleven (10 Pacific, 1 Atlantic) tropical cyclones (TCs), which include typhoons/hurricanes and tropical

storms, are examined using the latest 40-yr ECMWF Re-Analysis (ERA-40) dataset and Joint Typhoon

Warning Center (JTWC) best-track data to determine if and how tropical upper-tropospheric trough (TUTT)

cells influence TC tracks. This type of interaction has led to rather large TC track forecast errors at

72 h (20001 km) in the northwest Pacific and is often ignored or poorly forecast due to inadequate numerical

model TUTT cell predictions. Ten selected cases out of the initial 25 potential Pacific cases exhibited a

‘‘nonstandard’’ TC track; a TUTT cell was the sole large-scale transient feature within 2000 km of the TC’s

center, and the TC intensity was .17 m s21. The circulations’ separation distance, orientation, intensity, and

TUTT cell’s closed circulation size are critical characteristics in determining the likelihood of a TUTT cell

influencing a TC track. Interactions occur at distances greater than 1700 km, continue for periods from 24 to

48 h, and occur 2–3 times per year in the NW Pacific.

Examination of the TC’s tropospheric winds’ deep layer mean (100–1000 hPa), and upper (100–500 hPa),

middle (300–850 hPa), and lower (500–1000 hPa) layers, along with various quadrants of the upper layer,

demonstrate a link between the TUTT cell’s wind field and the nonstandard TC tracks. A conceptual model of

how a TUTT cell can influence TC track is presented. The model provides decision-grade operational

guidance for TC forecasters using pattern recognition scenarios. Application of the conceptual model at the

JTWC is currently under way.

1. Introduction

The American Meteorological Society’s Glossary of

Meteorology (Glickman 2000) defines a tropical cyclone

(TC) as ‘‘the general term for a cyclone that originates

over the tropical oceans. This term encompasses tropical

depressions, tropical storms, hurricanes, and typhoons.’’

Though some academics distinguish TCs as hurricanes/

typhoons with a tropical storm as their weaker counter-

parts, this paper applies the AMS definition. Accurately

forecasting TC track requires a better understanding of

the interaction between the TC and its environment.

Large-scale environmental features commonly associated

with a TC’s environment include the subtropical ridge,

midlatitude troughs, other TCs, and transient highs. Upper-

level cold-core lows embedded within a tropical upper-

troposphere trough (TUTT), or TUTT cells, are envi-

ronmental features also believed to influence TC motion

and are of considerable interest in the northwest Pacific

Ocean.

Our research investigated the influence of TUTT cells

on TC motion in the northwest Pacific, an often ignored

or poorly forecast interaction that has been only spec-

ulated to actually occur. We performed an observational

case study in an attempt to determine how, when, and

why TUTT cells influence TC motion and to delineate

criteria for determining the likelihood and outcome of

such an interaction. Our methods result in the first-ever

operational guidance for TC forecasters to use during

these interactions and, with a better understanding, could

provide a foundation for future studies in other basins.

a. The TUTT and TUTT cells

TUTTs are elongated, narrow, cyclonic shear zones

(Whitfield and Lyons 1992) located in the northern and

southern Pacific and Atlantic Oceans during the summer
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months with peak intensity during July–September. The

North Pacific TUTT, or midoceanic trough, is a semi-

permanent feature that extends east-northeast to west-

southwest from ;358N in the eastern Pacific to ;158N in

the western Pacific. The TUTT was first identified by

Sadler (1967, 1975, 1976) on his monthly 200- and 300-hPa

wind climatology as an induced trough between the boreal

subtropical and subequatorial ridges that extend from

eastern Asia and western North America, respectively.

The TUTT appears as a smoothed depiction of the paths

taken by transient TUTT cells but may also reflect the

large-scale flow (Fig. 1a). An example of a well-formed

TUTT using water vapor imagery is shown in Fig. 1b.

Colton (1973) and Thorncroft et al. (1993) suggested

that upper-level circulations form within the TUTT due

to barotropic instability associated with midlatitude

troughs penetrating into the subtropics. Eddies eventu-

ally ‘‘cut off’’ from the trough and move as independent

FIG. 1. (a) The average monthly climatological 200-hPa wind streamline (solid line) and isotachs (dotted line) for September over the

North Pacific Ocean (Sadler 1975). The heavy dashed black line indicates the TUTT axis. (b) A Multifunctional Transport Satellite-1R

(MTSAT-1R) image of a classic (though late season) TUTT across the central Pacific Ocean on 29 Oct 2007. Wake Island is annotated

PWAK near the center of the image. The heavy dashed black line indicates the approximate TUTT axis.
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circulations, which retrograde toward the west inside the

TUTT (Kelly and Mock 1982). Similarly, eddy forma-

tion north of the subtropical jet provides another source

of development. In general, though, there is no con-

sensus on how TUTT cells form.

Composite analysis by both Kelly and Mock (1982)

and Chen and Chou (1994) indicated that North Pacific

TUTT cells generally track toward the west-southwest

at ;4.3 m s21, approximately with the phase speed of

Rossby waves. They have a mean wavelength of

;3000 km and a mean lifetime of about a week. Their

circulation is typically confined between 100 to 600 hPa,

with the strongest horizontal circulation near 200 hPa. At

this level, the circulation’s maximum horizontal winds are

;10 to ;20 m s21 at an average ;850 km radius. TUTT

cell winds can also be enhanced if their circulation merges

with the flow of other upper-level large-scale features.

Chen and Chou (1994) found that most (87%) TUTT

cells contain ‘‘jet streaks’’ (20–30 m s21) within their

outer circulation either to the northwest or south of the

centers in the North Pacific. These jet streaks correlated

well with larger, more intense, and longer-lived TUTT

cells. Winds along the southern periphery of the TUTT

cell are generally strongest relative to the rest of the

circulation primarily due to the cell’s tendency to merge

with strong upper-level (;150–300 hPa) westerlies.

b. TUTT cell influence on tropical cyclone motion

There has been no previous observational or model-

ing research that directly addresses the influence of a

TUTT cell on TC motion. This excludes effects resulting

from a TC’s change in intensity due to a TUTT’s influ-

ence (e.g., Sadler 1976). The Joint Typhoon Warning

Center (JTWC) has often referred to TC–TUTT cell

‘‘interactions’’ in their annual tropical cyclone reports

(ATCRs) where TUTT cells caused a TC to slow down

and/or move unexpectedly. Typically, no clear expla-

nation of the TUTT cell’s role is provided. The National

Hurricane Center (NHC) has also made references to

TC motion-related interactions with upper-level lows

and has been more explicit in their discussions. Hurri-

cane Erin, for example, was influenced by an upper-level

low, which was regarded as the primary reason downtown

Miami was spared a direct hit by the category 1 hurri-

cane (Rappaport 2006).

c. Tropical cyclone motion characteristics

TC motion (MTC), defined here as the average vector

displacement a TC moved between two 6-hourly JTWC

best-track positions, can be divided into two primary

components—TC translation (TTC) and TC propagation

(PTC):

M
TC

5 T
TC

1 P
TC

. (1.1)

The components are distinguished by those processes

influencing TC motion in a quiescent environment

(propagation) and processes relying on the surround-

ing environmental flow (translation) (Fiorino and

Elsberry 1989).

TC motion is mainly controlled by the environmental

or ‘‘steering’’ flow associated with large-scale synoptic

features, such as the subtropical ridge. The environ-

mental steering flow is responsible for about 50%–80%

of TC motion (Elsberry 1995) and, in some cases, up to

;90% (Neumann 1992). The steering layer that is most

influential to TC motion is believed to be directly re-

lated to TC intensity (George and Gray 1976; Carr and

Elsberry 1990; Wu and Kurihara 1996). A more intense

TC (typhoon, hurricane) is expected to be steered by a

deeper mean layer compared to a weaker TC (tropical

storm, depression) due to the greater vertical extent

associated with more intense TCs (Dong and Neumann

1986; Velden and Leslie 1991).

TC propagation occurs even if the background flow

vanishes. The beta effect is typically the dominant TC

propagation component and is due to the interaction

between the TC’s circulation and the earth’s latitudinal

planetary vorticity gradient. The TC’s resultant b drift is

northwestward in the Northern Hemisphere (NH) at

approximately 1–3 m s21 (Holland 1983). The b drift is

greater at higher latitudes and for TCs having a larger

horizontal wind field. Other factors such as diabatic

heating may also influence TC motion due to the

asymmetric release of latent heat (Nolan et al. 2007).

This, in turn, can modify the TC’s potential vorticity

(PV) distribution, which may affect TC motion (Fiorino

and Elsberry 1989; Elsberry 1995).

d. Binary tropical cyclone interaction

Fujiwhara (1923), Brand (1970), Dong and Neumann

(1983), Lander and Holland (1993), and Carr and

Elsberry (1998) have all discussed ‘‘binary’’ TC inter-

action characteristics. Their results yielded critical

separation distances, interaction types (e.g., one way,

mutual), and stages (e.g., approach, orbit, escape, and

merger).

Lander and Holland’s (1993, henceforth LH93) ob-

servational study focused on mutual TC interactions and

between multiple ‘‘TC scale vortices.’’ LH93 cites but

does not explicitly use ‘‘mesoscale cyclones associated

with TUTT cells’’ as an example. LH93 focused on the

independent tracks and movement of each circulation

relative to an unweighted centroid (i.e., average coor-

dinates on a Mercator projection) and described the

motion characteristics. Their methods provide a good
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framework within which to characterize TC–TUTT cell

interactions.

e. Operational justification and goals

Numerical forecast models are known for inaccurately

projecting the location, structure, and intensity of TUTT

cells. Fitzpatrick et al. (1995) described the Aviation

Model’s systematic bias in the Atlantic and the impli-

cations for TC genesis, track, and intensity forecasts.

They speculated that the biases were most likely due to

low spatial resolution, imperfect data, and the model

physics. Similarly, Carr and Elsberry (2000a,b) discussed

problems with the U.S Navy’s Operational Global At-

mospheric Prediction System (NOGAPS) in the north-

west Pacific.

The JTWC has repeatedly identified problems with

numerical model forecast TC track guidance in their

ATCRs (JTWC 1994, 1996, 1998, 1999). According to

the JTWC technical advisor, TC forecast models simply

‘‘do not handle (TC) forecast tracks very well when a

TUTT cell is involved’’ (E. Fukada 2005, personal

communication). Based on rather large track forecast

errors (.2000 km) resulting from a lack of TC–TUTT

cell interaction understanding and training, JTWC

identified the need for research into these types of in-

teractions and the development of operational guidance

even though numerical models seem to have shown

improvement over the past 5 yr. With this in mind, we

plan on providing evidence of a TUTT cell’s ability to

influence TC motion and present an operational forecast

guidance scheme in the form of a conceptual model

designed to improve TC track forecasts.

2 Data and methodology

a. Data

We utilized the latest (1975–2002) 40-yr European

Centre for Medium-Range Weather Forecasts (ECMWF)

Re-Analysis (ERA-40) 6-hourly dataset at near model

resolution. The specific ERA-40 version was recreated

by the National Center for Atmospheric Research

(NCAR) and was transformed onto a 256 3 128 regular

Gaussian grid at T85 spectral truncation (;1.4068 or

;156 km horizontal grid spacing) on 23 pressure levels.

Various characteristics of each case (TUTT cell PV,

relative vorticity, and circulation size) were analyzed

using the aforementioned datasets.

To ensure a homogeneous ERA-40 database, TC case

studies were constrained to 1994–2002. The JTWC

ATCR and best-track data files were used as a reference

for developing case studies and for 6-hourly TC surface

locations and intensities. There were, however, no TUTT

cell best-track datasets available. As a result, we used

200-hPa streamline analysis to approximately determine

each circulation’s center (60.18 latitude–longitude) at

the level of typical maximum intensity. TUTT cell in-

tensity was determined by identifying the cell’s maxi-

mum 200-hPa relative and potential vorticity. This

created an independent TUTT cell ‘‘best track’’ dataset

to match the much higher quality JTWC TC dataset.

b. Methodology

1) CASE STUDY IDENTIFICATION AND THE

DEFINITION OF ‘‘INTERACTION’’

The following criteria had to be met in order for a case

to be selected. The primary goal of this selection was to

have the most uncorrupted interactions possible in order

to isolate the TUTT cell’s influence on TC motion. The

criteria included the following:

(i) A nonstandard TC track was identified, which in-

dicated an irregular steering environment may

have been present. Examples include ‘‘stair step’’

patterns, sudden or unexplained track deviations in

speed and/or direction, and rare southward motion

in the NH.

(ii) A TUTT cell was in the vicinity (,2000 km or ;188

latitude) of the TC near the time of the track devi-

ation and was a possible ‘‘culprit’’ in causing some

of the TC’s nonstandard motion. The 2000-km limit

was based on the greatest published separation dis-

tance for binary TC interaction to occur (;1390 km)

as identified by Brand (1970) plus an arbitrary

600-km buffer to account for the different scale/size

between an average TUTT cell and TC.

(iii) No other transient mesoscale or larger atmospheric

features known to influence TC motion were ob-

served within approximately 2000 km of the TC.

This criterion removed other likely causes for the

TC’s nonstandard track.

(iv) The TC was at tropical storm strength or greater

(.17 m s21). This criterion was intended to ensure

the TC had substantial vertical development (esti-

mated core cyclonic wind field extended up higher

than 500 hPa from the surface) to interact with a

downward-extending TUTT cell and increase the

likelihood of an interaction.

Twenty-five cases were initially reviewed after

careful analysis of JTWC best tracks and satellite im-

agery during the period considered herein. Among all

the cases available, only 10 were selected that fit all of

the aforementioned criteria 24 h prior to and during the

anticipated interaction period. As in LH93, for two

TCs, the unweighted centroid-relative motions of the
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TC (surface) and TUTT cell (200 hPa) for each case

were analyzed to help determine the periods of potential

mutual interaction between the two circulations. Inter-

action similarities between the TCs and TUTT cells

were expected even though the circulations are obvi-

ously not on the same horizontal scale or of the same

structure as the two TCs, nor did they have the fidelity of

the two TC best tracks. The beginning of the interaction

is identified and defined by a significant track change in

the centroid-relative track near the beginning of each

TC’s nonstandard track. The midpoint between the two

6-hourly forecast steps that composed either side of the

course change became the start point of the interaction

period. The interaction end was then defined similarly

by the two forecast steps, which compose the next cen-

troid-relative track change and approximately corre-

sponded with the end of the nonstandard track and/or

the dissipation of the TUTT cell. The time between the

start and end points was defined as the interaction

period and the entire period as the interaction period

6;24 h.

2) FORECAST MODEL COMPARISON

Track errors for the official JTWC forecast, NOGAPS,

and a climatology and persistence model (CLIPER) at

6-hourly intervals through 48–72 h were determined for

each of the aforementioned 10 cases. Forecasters in-

terpret the available guidance and create subjective

forecasts based on a number of considerations, in-

cluding a TC model’s previous performance, applicable

TC motion theory, proximity to major population

centers or ports (sociopolitical), and forecaster work-

load and experience. Ideally, the JTWC forecast should

exhibit the least error. This was not always the case,

especially when a TUTT cell was nearby. NOGAPS

(version 3.4) was a dynamic global spectral model in the

horizontal (T159 spectral truncation, ;80 km in mid-

latitudes) and an energy-conserving finite difference

model in the vertical [18 vertical levels before 1998, 24

levels afterward; Hogan et al. (2002)]. Virtually every

source of data available to the ERA-40 reanalysis was

also incorporated in the NOGAPS model runs. CLIPER

is a 5-day statistical model that applies persistence from

12 h of previous TC track to the first 12 h of the forecast

track. The model then considers the current TC location,

TABLE 1. The final 13 ESLs (from the original 32) for each radial

band utilized.

Radial band (8 lat) Mass-weighted layer

1–3 Upper, middle, lower, DLM

3–5 Upper, middle, lower, DLM

5–7 Upper, middle, lower, DLM

Inner 7 DLM

FIG. 2. (left) Potential TC motion bias (acceleration) resulting from a TUTT cell’s influence on a TC’s track. The orientation of the

circulation ultimately determined the bias based on the flow of the TUTT cell overlapping the TC’s steering environment. Assuming a

straight initial forecast track, track biases to the left or right, faster or slower than forecast without consideration of the TUTT cell’s

contributing flow, were annotated. (right) A sample model ensemble is provided with a trapezoid field that indicates an estimated range of

forecast TC motions for a set period and would encompass most of the forecast model track guidance.
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intensity, motion vector, and Julian date to create a

statistical forecast based on climatological TC paths

with similar characteristics. CLIPER forecasts are con-

sidered a ‘‘no skill’’ output and are used as a baseline to

show the value added by other forecast methods

(Franklin 2006).

3) ENVIRONMENTAL STEERING LAYER

IDENTIFICATION

There is a multitude of combinations of horizontal

distances (degrees latitude radial bands around a TC’s

center, as defined by the JTWC best track) and vertical

layer pairings that one could select to depict a TC’s

environmental wind field. We generically referred to

all of these as environmental steering layers (ESLs).

As a first guess, radial bands and layers demonstrated

in previous studies to provide the best TC motion

guidance were selected. Other ESL combinations

(e.g., 400–700 hPa) were also considered for our pre-

liminary analysis. Mean wind vectors for each ESL at

every analysis time were compared to the track taken

by the TC over the next 6 h, similar to what a forecaster

would face (initial conditions versus after-the-fact

analysis).

Sanders and Burpee (1968), Pike (1985), Dong and

Neumann (1986), and Neumann (1979, 1992) applied

mass weighting to the 10 standard-level winds from 100

to 1000 hPa. Their results indicated that this deep layer

mean (DLM) provided the best representative wind

field for short-term (#24 h) forecasts. Chan and Gray

(1982) utilized mass-weighted layer averages with vari-

ous radial bands around TC centers in the northwest

Pacific and statistically determined that the 58–78 (556–

778 km) radial band of the DLM flow correlated best

with TC motion. Elsberry (1995) argued that the best

ESL agreement with composite TC motion should be in

the 18–38 radial band, between 300–850 hPa. This pair-

ing avoids most of the TC divergence and is in proximity

to the TC’s core.

FIG. 3. A graphical depiction of both the TC (squares) and TUTT cell (triangles) tracks at 6-hourly intervals. The solid black arrow

indicates the general direction of the TC motion. The approximate start (0000–0600 UTC 31 Aug 1998) and end (1800 UTC 1 Sep–

0000 UTC 2 Sep 1998) points of the TUTT cell interaction period are annotated (solid lines). The end point was a result of the dissipation

of a closed 200-hPa TUTT cell circulation. The inset graphic depicts the stair steps of Rex’s (06W) track from the 1998 JTWC ATCR. The

rectangular box roughly highlights the interaction period. Best-track intervals are 6 h. Annotation is in the form DDHH S WW, where DD

is for the day of the month, HH is time in UTC hour), S is TC’s forward speed (kt, 1 kt 5 0.514 m s21), and WW is the TC’s maximum

1-min-averaged sustained wind speed (kt).
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An upper (100–500 hPa) layer and a lower (500–

1000 hPa) layer were analyzed as the layers expected

to either include a TUTT cell’s circulation or exclude it,

respectively. The mass-weighted DLM then incorpo-

rated both layers. The middle layer consisted of mass-

weighted winds between 300 and 850 hPa. Initially,

32 ESLs were analyzed but these were reduced to 13

after our preliminary analysis (Table 1).

4) QUADRANT ANALYSIS

A TUTT cell was expected to modify only a portion of

the TC’s steering environment. To focus on the fractional

contribution of a TUTT cell using a geographically fixed

reference system, the TC’s upper layer (100–500 hPa)

was subdivided into quadrants (NE, NW, SE, and SW).

Observing variations of each quadrant’s mean wind

value in a time series shows how the TC’s upper layer

responded to the TUTT cell winds. To identify evidence

of a TUTT cell’s influence on TC motion, we looked

for a change in the mean/average wind flow of a fixed

quadrant or quadrants nearest the TUTT cell that co-

incided with a change in TC motion. Quadrants not

influenced by the TUTT cell’s wind field were expected

to remain relatively steady state.

FIG. 4. GMS-5 water vapor satellite imagery of Rex2 and a nearby TUTT cell at 0000 UTC 31 Aug 1998 (left) near the interaction start

point and (right) just prior to the end of the TUTT cell interaction period at 1800 UTC 1 Sep 1998.

TABLE 2a. Summary of all 10 cases’ quantitative and qualitative metrics. The initial (subjective satellite based) and final (data evidence

based) decisions of evidence existed that a TUTT cell influenced the TC’s motion, the maximum depth of the TUTT cell’s closed cir-

culation down toward the surface, and the interaction start–end separation distances are provided in km.

TC response to TUTT cell TUTT cell Interaction separation

TC (year) initial satellite-based estimate (evidence?) closed-circulation depth (hPa) distance at start (end) point (km)

Rex2 (1998) Intense (yes) ,500 1340 (1050)

Babs (1998) Intense (yes) 600–700 1500 (1300)

Rex1 (1998) Intense (yes) 400–500 1700 (1360)

Ewiniar (2000) Intense (yes) 400–500 740 (790)

Bolaven (2000) Moderate (yes) 400–500 1500 (1300)

Amber (1997) Weak (yes) ,300 680 (640)

Fred (1994) Intense (no) 500 to 600 1600 (1330)

Saomai (2000) Moderate (no) ,300 1900 (1500)

Bart (1999) Intense (no) 250 to 300 1065 (765)

Polly (1995) Weak (no) ,300 1650 (1200)

Erin (1995) Moderate (yes) 450 700 (450)
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A comparison between a TC’s DLM with and without

much of the TUTT cell’s influence was accomplished by

removing the quadrant of only the TC’s upper layer

(100–500 hPa) closest to the TUTT cell and re-creating

the DLM. The new upper layer would then be composed

of the remaining three quadrants while the lower layer

(500–1000 hPa) remained unchanged. This was intended

to show where the TC might have tracked without the

TUTT cell’s influence.

3. Results: Case studies

The 10 selected TC–TUTT cell cases were each initially

identified using solely Geostationary Meteorological

Satellite (GMS) infrared and water vapor imagery along

with each TC’s JTWC best track. The influence (e.g.,

change in direction and/or speed) a TUTT cell was be-

lieved to have exerted on a TC’s track was noted based on

the orientation of the two circulations. The TC’s best-

track motion was then compared to the JTWC and

NOGAPS forecasts during the 24 h up to and including

the interaction start point. This was then compared to an

anticipated motion bias versus a typical ensemble fore-

cast track (Fig. 2). Each TUTT cell, which either origi-

nated inside or moved into the TUTT, was subjectively

labeled as having an ‘‘intense,’’ ‘‘moderate,’’ or ‘‘weak’’

appearance in satellite imagery.

Afterward, each of the 10 cases was analyzed (section

2b) to determine if there was an identifiable influence of

the TUTT cell on TC motion. Evidence was primarily

based on the vector difference between the TC’s mass-

weighted DLM and a newly computed DLM with the

mass-weighted upper-layer quadrant closest to the TUTT

cell removed. The following sections will discuss cases

‘‘with’’ and ‘‘without’’ evidence of a TUTT cell’s influ-

ence on TC motion, a summary of all 10 cases, outlier

cases, an example case from the Atlantic and the fre-

quency of similar occurrences across the northwest

Pacific basin. The TUTT cells associated with each of

these cases originated within the climatological TUTT.

TABLE 2b. Summary table of all 10 cases’ quantitative and qualitative metrics. The TUTT cell’s intensity at the interaction start point is

listed in both maximum associated 200-hPa relative vorticity (zr) and potential vorticity (PV), and the TC’s intensity range during the

utilized periods. Here, zr is in terms of s21.

TUTT cell intensity TUTT cell intensity

TC (year) max relative vorticity at the start point max PV at start point (PVU) TC interaction intensity (m s21)

Rex2 (1998) 1.50e-04 6 46–51

Babs (1998) 1.40e-04 4.5 21–39

Rex1 (1998) 1.20e-04 3 28–46

Ewiniar (2000) 2.60e-04 6.5 33–28

Bolaven (2000) 1.40e-04 31 21–26

Amber (1997) 1.00e-04 ,2 26–33

Fred (1994) 1.70e-04 4 21–44

Saomai (2000) 1.00e-04 ,2 46–28

Bart (1999) 9.00e-05 2.5 67–51

Polly (1995) 5.00e-05 ,2 23–41

Erin (1995) 1.10e-04 4.3 27–34

TABLE 2c. Summary table of all 10 cases’ quantitative and qualitative metrics. The Forecast model performance (least and most error)

and the approximate zonal (E–W) and meridional (N–S) extent of the TUTT cell’s 200 hPa wind field based on the outermost closed

isoheight at 10m intervals at the interaction start point are provided.

Forecast model E–W (N–S) TUTT cell

TC (year) least (most) error wind field at start point (km)

Rex2 (1998) CLIPER (JTWC) 920 (950)

Babs (1998) JTWC (CLIPER) 1600 (2180)

Rex1 (1998) CLIPER (NOGAPS) 1410 (1510)

Ewiniar (2000) JTWC (CLIPER) 800 (1350)

Bolaven (2000) NOGAPS (CLIPER) 1330 (1500)

Amber (1997) CLIPER and JTWC (NOGAPS) 1020 (630)

Fred (1994) CLIPER (NOGAPS) 1580 (1330)

Saomai (2000) NOGAPS (CLIPER and JTWC) 950 (1020)

Bart (1999) NOGAPS (CLIPER and JTWC) 550 (950)

Polly (1995) NOGAPS (CLIPER) 840 (600)

Erin (1995) GFDL (CLIPER and AVNI) 700 (540)
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a. Case study showing evidence of a TUTT
cell’s influence on TC motion: Typhoon Rex(2)
(06W) 1998

According to the 1998 JTWC ATCR, ‘‘the influence of

three distinct TUTT cells caused Rex to deviate from its

forecast northeastward track three separate times’’ and

was considered the ‘‘paramount forecasting challenge’’

of the year in the northwest Pacific. Rex was a long-lived

TC with JTWC warnings from 24 August to 7 Septem-

ber. The TC tracked generally east-northeastward from

the Philippine Sea (Fig. 3) and maintained typhoon

FIG. 5. Relative vorticity (image dependent, 1024) cross section from 100 down to 850 hPa for

Rex2 at 0600 UTC 31 Aug 1998 (near the interaction start point). Deeper yellow and red colors

represent greater positive relative vorticity. Blues represent negative relative vorticity. The

solid black line on the key represents zr 5 0.

FIG. 6. Centroid-relative motion displayed using a two-point running average between Rex2

(squares) and the associated TUTT cell (triangles). The black dotted lines indicate the start

(between 0000 and 0600 UTC 30 Aug 1998) and end (between 1800 UTC 1 Sep and 0000 UTC

2 Sep 1998) points of the TUTT cell interaction period. The black arrows indicate the general

direction of motion. The inset (top left) is LH93’s Polly and Rose (1974) centroid-relative motion.
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intensity during each of the first two interactions, both of

which were included in our case study. Each of Rex’s

three interactions was separated by at least a 36-h period

and each is, therefore, handled as one of three inde-

pendent cases. This discussion is about the second in-

teraction—Rex2.

Rex2 was a strong TC (46–57 m s21) just prior to the

interaction period as it tracked north at ;2 m s21 before

a northeastward turn. The apex of the second stair step

in the TC’s track approximately coincides with the

identified interaction ‘‘start point’’ between the TC and

a broad and intense TUTT cell to the east-northeast. An

infrared satellite loop shows an interaction that is rem-

iniscent of Fujiwhara turning (i.e., mutual cyclonic ro-

tation of two vortices; see Fig. 4), or the rotation of two

cyclones around each other. The rotation ends with the

two circulations oriented more north–south, filling of the

TUTT cell, and a resumption of the TC’s northeastward

track. The orientation of the two circulations led to an

expected increase in the TC’s forward speed and a right

(southward) cross-track bias (‘‘right fast’’ in Fig. 2).

Tables 2a and 2b list values taken for each case near

the start of their interaction periods. The separation

distance between the TC and TUTT cell at the start

point was ;1340 km, which compares quite well with

Brand’s (1970) ;1390 km maximum distance for the

onset of mutual cyclonic rotation between two TCs.

Based on the ERA-40 reanalysis fields and compared to

other cases, this TUTT cell was quite strong. At

200 hPa the cell had a maximum PV of 6 PVUs, a rela-

tive vorticity of 1.5 3 1024 s21, and a moderately broad

diameter of ;1000 km based on the outermost closed

200-hPa isoheight. The circulation also extended down

to lower than 500 hPa. Figure 5 provides a vertical cross

section of the relative vorticity (100–850 hPa), approx-

imately through the centers of circulation, which high-

lights the differences in intensity and depth between the

TC and the TUTT cell. The start of the interaction, or

start point, is identified by an abrupt change in the two

circulation’s centroid-relative motion between 0000 and

0600 UTC 31 August, which changed from a direct ap-

proach into a counterclockwise rotation, similar to

LH93’s Polly and Rose (1974) (Fig. 6). After this point,

the TC turns toward the east, then southeastward while

increasing its speed to ;5 m s21. This rare motion

continues for ;42 h before the TC curves back toward

the east then northeastward. The ‘‘end point’’ of the

interaction is marked by the dissolving of the closed

200-hPa TUTT cell circulation from 1800 UTC 1 Sep-

tember to 0000 UTC 2 September.

All three forecasts used in this comparison [section

2b(2)] did very poorly during the 24 h leading up to and

during the start of the interaction period. Errors ranged

from 300 to over 2000 km at 72 h. Surprisingly, CLIPER

performed the best overall. NOGAPS performs best for

the first 12 h due to the model’s initially slower forecast

speeds compared to JTWC and CLIPER.

The center of the 200-hPa TUTT cell circulation

remained in the region 308–358N, 1568–1628E, an area

void of in situ upper-air observations and heavily reliant

upon satellite observations for analysis. Considering the

FIG. 7. Rex2 forecast tracks at 6- and 12-h intervals (varying)

for (top left) NOGAPS, (top right) CLIPER, and (bottom) the

JTWC. The black arrow indicates the general direction of the TC

motion.
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lack of in situ data coupled with consistently sharp

northward TC forecasts after only 12 h (Fig. 7), it is

reasonable to expect that NOGAPS did not accurately

forecast the TUTT cell’s structure in terms of its inten-

sity or depth as did the ERA-40 reanalysis. NOGAPS

errors here exceeded 2000 km, which resulted in poor

forecast guidance. CLIPER’s reliance on persistence,

conversely, allowed for a continuation of the storm’s

southeastward motion and a more subtle climatological

turn back toward the northeast. This notably reduced

CLIPER’s long-range forecast errors.

The JTWC was initially concerned with a forecast that

threatened Tokyo, Japan. The staff at the JTWC desired

to maintain forecast persistence until they were confi-

dent the TC was not going to hit the port city. A distinct

change in philosophy then occurred with the 1200 UTC

31 August forecast, after which errors drop significantly.

No forecasts, however, indicated any southward motion

until the TC had already curved southward after 0600

UTC 31 August (Fig. 7). This strongly suggests an un-

derestimation of the TUTT cell’s influence on TC mo-

tion by the JTWC operational numerical models. Even

after the TC was moving southeastward, all except the

JTWC forecast continued to show a quick return to an

eastward then northward motion after only 12 h when, in

fact, the TC tracked southeastward for ;2 days.

Figure 8 shows a time series of the mass-weighted mean

wind vector for each of the four selected layers of the 58–

78 radial band (38–58 and 18–38 radial bands are not shown

but had similar results). Based on this analysis, it is clear

that the mean wind vector of the lower layer did not

contribute to the TC’s southward motion during the in-

teraction period. Only the TUTT cell-influenced upper-

layer mean wind vector yielded a significant increase of

the southward component of motion followed by the

middle and DLM layers 12–18 h into the interaction pe-

riod. The overall speed of the TC was greater than all of

the individual layers except the upper layer during this

period. Outside the interaction period, the upper layer’s

mean flow was more zonal and with a notably reduced

magnitude. But what caused the upper layer to exhibit

such strong southward flow during this period?

Figure 9 shows a time series of the mean wind vector

for the TC’s upper layer subdivided into the geograph-

ically fixed quadrants. The two southern quadrants re-

mained relatively unchanged with only a slight increase

in magnitude toward the middle of the interaction

period. The two northern quadrants both indicated

a significant change from weak–northward or strong–

northward to both strong–southward. The changes in

the mean flow in the NE quadrant, however, led the

NW quadrant by ;24 h. Figure 10 shows this is con-

sistent with the time required for the TUTT cell’s wind

field to move from the NE into the NW quadrant where

it merged with flow from an upper-level anticyclone

;148 to the west of Typhoon Rex. Regardless, Rex2

had already begun to move southeastward while only

the NE quadrant had a strong southward component.

This evidence implies that the TUTT cell significantly

influenced the southeastward motion of the TC during

this period.

Further evidence was provided by removing the TC’s

upper-layer quadrant closest to the TUTT cell and cre-

ating a hypothetical ‘‘TUTT cell free’’ DLM. Figure 11

shows a time series of the original mass-weighted DLM

vector and this new DLM. Notice that the 58–78 radial

band of the new DLM vector exhibits a ;35% less

magnitude than the original DLM and, most importantly,

FIG. 8. Four-layer mean wind field analysis for Rex2. Mean vectors are scaled to the mean

speed of the TC, which is equal to the distance between each 6-hourly time step. Vectors point

in the mean radial direction for the 58–78 radial band. Vertical dotted lines mark the interaction

start (0000–0600 UTC 31 Aug 1998) and end points (1800 UTC 31 Aug–0000 UTC 1 Sep 1998).
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no southward component during the interaction period.

Without the TUTT cell, the TC would have taken a more

east to east-northeastward track and been much closer to

the JTWC and NOGAPS predictions, hence further

supporting the inability of the current operational models

at JTWC to predict TUTT cell interactions with TCs.

The environmental winds of the two northern quad-

rants did, interestingly, remain relatively strong and

southward for 6–12 h after the interaction with the end

point. Note, though, that the end of the interaction pe-

riod was marked with the dissipation of the TUTT cell’s

closed 200-hPa circulation. A very sharp trough com-

bined with the anticyclone to the TC’s west remained for

another 6–12 h (Fig. 12). This provided modest but

weakening southward flow in the upper layer. Analysis

of the four layers (Fig. 8) also indicated the lower layer

(500–1000 hPa) simultaneously doubled in magnitude

toward the northeast. This strengthening lower layer

dominated the environmental flow, resulting in a DLM

change and a turn in the TC’s track.

b. Tropical Storm Babs and Typhoon Rex(2):
Contrasting responses to TUTT cell interactions

Rex2 and Babs had similar separation distances and

TUTT cell characteristics but very different intensities.

During their interaction periods, Rex2 was a strong

FIG. 9. Four-quadrant mean wind field analysis of the upper layer for Rex2. Mean vectors are

scaled to the mean speed of the TC, which is equal to the distance between each 6-hourly time

step. Vectors point in the mean radial direction for the 58–78 radial band. Vertical dotted lines

mark the interaction start (0000–0600 UTC 31 Aug 1998) and end points (1800 UTC 31 Aug–

0000 UTC 1 Sep 1998).

FIG. 10. Rex2 200-hPa wind field analysis at (left) 0600 UTC 31 Aug 1998 (near the interaction start point while

moving at ;4 m s21) and (right) 1200 UTC 1 Sep 1998 (late into the interaction period and moving at ;6 m s21). The

lowercase letter ‘‘o’’ represents the best-track low-level center of Rex2. The plus sign represents the centroid of the

two circulations. The solid triangle represents the approximate 200-hPa TUTT cell circulation center. The closed

circles represent the approximate 38, 58, and 78 radii, respectively, and are divided into quadrants. The solid black

arrow represents the TC’s trajectory.

1226 W E A T H E R A N D F O R E C A S T I N G VOLUME 24



typhoon (;50 m s21) while Babs was only a moderate

tropical storm (;25 m s21). Rex2 responded promptly

to the radical changes in upper-layer flow (turned and

increased speed to ;6 m s21) while Babs’s response

was much less apparent (gradual 1–2 m s21 turn). Had

Babs been more intense under the same conditions, a

greater response might have occurred. More intense

TCs have a stronger circulation aloft, allowing for more

interaction with a TUTT cell (Dong and Neumann

1986; Velden and Leslie 1991). Based on the inertial

stability argument made by Holland (1983), we might

expect a stronger TC to react throughout its entire

column while a weaker TC may be distorted by

changing upper-level winds. Figure 13 shows meridio-

nal cross sections of each circulation’s relative vorticity

field (zr 5 5 3 1025 s21 highlighted) near each case’s

respective interaction start point. In this comparison,

Rex2 was the more intense and well-developed of the

two TCs and had greater inertial resistance to hori-

zontal shearing–displacement from the TUTT cell

winds. TS Babs, on the other hand, was a weak and less

developed TC with less resistance to vertical shearing.

FIG. 11. The original 58–78 radial band mass-weighted DLM (solid) and the new mass-

weighted DLM with the upper-layer quadrant closest to the TUTT cell removed (dotted) for

Rex2. Mean vectors are scaled to the mean speed of the TC, which is equal to the distance

between each 6-hourly time step. Dashed vertical lines mark the interaction start (0000–0600 UTC

31 Aug 1998) and end points (1800 UTC 31 Aug–0000 UTC 1 Sep 1998). The TC track stops at

the interaction end point as the TUTT cell’s 200-hPa circulation center dissipates.

FIG. 12. As in Fig. 10 but at (left) 1800 UTC 1 Sep 1998 (near interaction end point and moving at 6 m s21) and

(right) 0600 UTC 2 Sep 1998 (after interaction end point and moving at 5 m s21). The dashed line (right) represents

the trough axis from the dissipated TUTT cell.
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The lower half of its circulation responded slowly to the

southward shear in the upper half and lagged behind

compared to Typhoon Rex2, which moved as a solid-

body vortex.

c. Example of a TUTT cell not influencing TC
motion: Typhoon Bart (24W) 1999

Bart formed in the central Philippine Sea east of

Taiwan. It was during its final northward advance that a

TUTT cell moved to the TC’s east. The two vortices

then moved in tandem to the north. The TUTT cell

appeared large and intense in water vapor imagery (Fig.

14), but TUTT cell structure analysis revealed a perfect

example of misleading satellite imagery.

Bart was an intense typhoon (.50 m s21) during the

entire period. The ERA-40 reanalysis (Tables 2a and

2b) revealed that the TUTT cell had low values of PV

(2.5 PVUs), weak relative vorticity (zr 5 9 3 1025 s21), a

depth extending only to ;300 hPa, and a narrow closed

circulation. We regard this TUTT cell as ‘‘weak’’ com-

pared to the situations presented in sections 3a and 3b.

Figure 15 shows the vertical cross section of the relative

vorticity during the interaction period. The shallowness

of the TUTT cell compared to Bart is obvious. The

separation distance at the start point was ;1065 km and

remained within this distance until the TUTT cell dis-

sipated. Based on the orientation of the two circulations,

we expected the TC to slow and turn eastward (‘‘right

slow’’ in Fig. 2).

NOGAPS forecasts performed best followed by

JTWC and CLIPER (errors of 190–900 km at 72 h).

Climatologically, TCs in this area typically accelerate

toward the northeast after recurvature versus Typhoon

Bart’s slow motion. This same initial slow motion and

uncertainty over the timing of the TC’s northeastward

acceleration resulted in much of the JTWC forecast er-

ror. With the TUTT cell nearly due east of the TC,

northerly flow on the TUTT cell’s western periphery was

expected to impinge on the TC’s environment. This

meridional contribution would be expected to turn the

TC southward or slow its northward progression.

Vector time series for all layers, especially the upper

layer, provide no clear evidence of southward flow

during the TUTT cell interaction. The upper-layer flow

was consistently to the east/right of and of similar

magnitude (61 m s21) to the TC’s motion. A small

eastward bias was also expected as winds around the

southern periphery of the TUTT cell turned toward the

east. However, no such bias was found. Analysis of

Bart’s 200-hPa wind fields indicated that the flow asso-

ciated with the TUTT cell barely extended to within 58

of the TC center even though its separation distance was

closer than many other cases. The TUTT cell’s shallow

circulation could not produce an identifiable influence

on the TC’s upper layer.

Figure 16 shows the original mass-weighted DLM

vector and the new DLM vectors with the TC’s upper-

layer quadrant closest to the TUTT cell removed. Be-

fore the start point, both the original and new DLMs

were similar. During the interaction, however, the new

DLM had a reduced southerly wind magnitude (;10%–

40%). This indicates that the TUTT cell failed to pro-

duce a mean northerly component within the TC’s upper

layer. Furthermore, the TC would have tracked even

more slowly toward the north without the closest quad-

rant’s (including the TUTT cell’s winds) contribution to

the upper layer.

FIG. 13. Meridional vertical cross sections of the relative vorticity

for (top) Babs (a 25 m s21 TC) and (bottom) Rex2 (a 50 m s21 TC)

near their respective interaction start points. Approximate TUTT

cell-induced upper-layer winds are superimposed with black dotted

arrows. The 5 3 1025 s21 values of the relative vorticity are em-

boldened in black for both profiles. The TUTT cell characteristics

for each case were very similar. Notice the dissimilar structure

between the two TCs, including Babs’s lack of vertical extent and

greater downshear tilt compared to Rex2.
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d. Summary of all 10 Pacific cases

Tables 2a–c provide a summary of each TC and TUTT

cell characteristic. Cases were parsed between those

showing evidence of a TUTT cell’s influence on TC mo-

tion based on our methods and those that did not. Most

TUTT cell characteristics fit quite well into these two

groups except for one outlier in each group: Amber and

Fred (Fig. 17). These will be discussed further in section 3e.

Comparing the two groups against our initial subjective

satellite-only assessment revealed that 4 of our 10 initial

estimates were incorrect. One case appeared to have a

weak TUTT cell yet provides evidence of its influence on

the TC’s motion (Amber). Three other cases (Bart, Fred,

and Saomai), conversely, had moderate- or intense-look-

ing TUTT cells expected to cause some influence, but did

not. These results emphasize the need for forecasters to

have a quantitative estimate of TUTT cell winds, vorticity,

and depth in addition to satellite imagery.

Interaction periods ranged from ;24 to ;48 h with

an average of ;30 to ;36 h. Separation distances at

the interaction start point varied from ;680 to ;1700 km

FIG. 14. GMS-5 water vapor imagery for 0600 UTC 21 Sep 1999, about 12 h prior to the

interaction start point. The capital letter T represents the approximate 200-hPa TUTT cell

center and the capital C the center of Bart (57 m s21 intensity). The distance between the two

circulations was approximately 1300 km.

FIG. 15. As in Fig. 5 but for Bart at 1800 UTC 22 Sep 1999, just within the interaction period.
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with an average of ;1370 km and a standard deviation

of ;410 km. The average for all cases was essentially the

same as Brand’s (1970) 1390-km maximum distance for

the onset of mutual cyclonic interaction between two

TCs. However, three cases (Babs, Rex1, and Bolaven)

with evidence of an interaction had separation distances

of ;110 to ;310 km greater than this average, likely due

to the larger TUTT cell circulation.

Deeper TUTT cell closed circulations yielded to a

greater likelihood of TC deviation (Table 2a), specifically

down to 400 hPa or lower (except for Bart). Deeper cir-

culations result in a greater influence on the upper layer

and, therefore, the TC’s DLM winds. Above 200 hPa, the

closed circulation of the TUTT cell typically disappears

between 150 and 100 hPa due to the presence of a warm

core near the tropopause.

The horizontal extent of the TUTT cell’s 200-hPa

wind field alone (estimated with the outermost closed

10-m isoheight) was less of a factor than its depth. Since

the breadth and separation distance between the circu-

lations are interdependent, the TUTT cell circulation

must extend to within the TC’s steering environment

(;78) in order to influence its motion. TUTT cell winds

on the order of ;15 m s21 at each TC interaction start

point within ;78 of the TC’s center also appeared to be

necessary based on our analysis that provided evidence

of a TUTT cell influencing TC motion.

TUTT cell intensity near the interaction start points

with 200-hPa PV values greater than 2.5 PVUs and zr

values greater than 1.1 3 1024 s21 resulted in cases

where evidence of a TC response was found. Fred was

the only exception. TC intensity was also a factor with

respect to how the TC responded to the TUTT cell’s

wind field. TCs Rex2 and Babs provided examples of the

possible range of responses in TC motion between two

TCs under similar environmental conditions but with

contrasting intensities.

e. Outlier cases

Amber provided evidence of a TUTT cell’s influence

on TC motion, though its TUTT cell characteristics fit

into the group that did not typically reflect evidence of

an influence on TC motion. The TUTT cell’s closed

circulation depth was shallow (;300 hPa) and its in-

tensity was weak (200 hPa PV 5 ;2 PVUs and zr 5

;1 3 1024 s21; see Tables 2a and 2b) compared to the

other cases in this study. The shallowness of the TUTT

cell was likely overshadowed by the TC’s genesis in

proximity to the TUTT cell (,;700 km), which al-

lowed the TC to directly feel this weak TUTT cell’s

FIG. 16. The original 58–78 radial band mass-weighted DLM (solid) and the new mass-

weighted DLM with the upper-layer quadrant closest to the TUTT cell removed (dotted) for

Bart. Mean vectors are scaled to the mean speed of the TC, which is equal to the distance

between each 6-hourly time step. Dashed vertical lines mark the interaction start (1800 UTC 21

Sep–0000 UTC 22 Sep 1999) and end (between 1200 and 1800 UTC 23 Sep 1999) points of the

TUTT cell interaction period.
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influence. Even though it had a shallow circulation, the

TUTT cell winds were able to extend close to the TC’s

inner-core circulation (versus its outer 58–78 environ-

ment) and add a northward component to the TC’s

slow motion.

Contrary to Amber, Fred was accompanied by a very

deep and intense TUTT cell but at a relatively large

separation distance (;1600 km). The TUTT cell had an

expansive wind field at 200 hPa (Table 2c) but narrowed

quickly with descending height and rarely reached to

within 58 of the TC’s center. The TUTT cell did not in-

fluence enough of the TC’s surrounding upper layer to

yield an identifiable response. Rather, synoptic analysis

suggested a large stationary anticyclone to Fred’s north,

at times merging with the TUTT cell’s flow on its eastern

periphery, which was responsible for Fred’s westward

motion and an ;18 h southward deviation.

f. An Atlantic TC comparison: Hurricane Erin (1995)

Hurricane Erin was believed to have interacted with

‘‘an upper-level low’’ in early August (Rappaport

2006). The hurricane developed over the Bahamas and

tracked west-northwestward from 31 July to 3 August

(Fig. 18). Around 0000 UTC 1 August, the TC deviated

northwestward for 12–18 h, which defined the inter-

action period. The TUTT cell (called so since the up-

per-level low originated near 248N, 458W, within

the Atlantic’s midoceanic trough, or TUTT) was gen-

erally tracking southwestward ahead of the category

1 (;33 m s21) TC.

Compared to the 10 Pacific cases (Tables 2a and 2b),

the TUTT cell was of ‘‘moderate’’ intensity with a

maximum 200-hPa PV of ;3.7 PVUs, a maximum rel-

ative vorticity of zr of ;1.2 3 1024 s21, and a moderately

deep (;400 hPa) and broad (;650 km) closed circula-

tion near the interaction start point. The separation

distance during the period decreased quickly from ;650

to ;370 km. The orientation of the two circulations was

expected to add a cross-track (to the right or northward)

component to the TC’s motion with some acceleration

late in the interaction (‘‘right/fast’’ in Fig. 2).

NHC forecasts called for a straight-line track toward

the west-northwest through 48 h for every 6-hourly issu-

ance from 0000 UTC 31 July to 0000 UTC 2 August (not

shown). No change in forecast philosophy (e.g., a track

deviation) occurred prior to or during the interaction

FIG. 17. Maximum depth of the TUTT cell closed circulation near the interaction start point

(x axis) vs the (left) 200-hPa intensity in relative vorticity (y axis, s21) and (right) potential

vorticity (y axis, PVU; 1026 m2 K s21 kg21). Outlier cases are labeled near their two intensity

values (aligned vertically). The top-left group yielded evidence of a TUTT cell’s influence on

TC motion. The bottom-right group did not. The lower limit for cases that provided evidence of

a TUTT cell’s influence on TC motion is the horizontal dotted line for relative vorticity and the

dashed line for potential vorticity.
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period. Two dynamic forecast models, the National

Centers for Environmental Prediction (NCEP) Global

Forecast System and that of the Geophysical Fluid Dy-

namics Laboratory (GFDL), produced similar forecast

tracks. The GFDL, however, did accurately forecast a

slight northward track deviation. CLIPER, meanwhile,

indicated a gradual recurve scenario toward the north.

A time series of the four layers clearly indicated a

northward component of the upper-layer flow within

the 18–38 and 38–58 radial bands throughout and for

6–12 h on either side of the interaction period. The lower

layer did not contribute to the northward bias whatso-

ever. The 58–78 upper layer displayed weak and/or south-

ward steering as it incorporates some of the TUTT cell’s

distant southward return flow while the lower layer

maintained a motion vector close to that of the TC

motion. Overall, this showed the upper layer (within 58)

was a significant factor in the TC’s unexpected north-

ward deviation.

Both the NW (18–38 radial band) and NE (18–38 and 38–

58 radial bands) quadrants were the main/primary con-

tributors to the mean upper-layer winds. The quadrants

were both dominated by TUTT cell flow due to the cir-

culation’s proximity. The SE and SW quadrants in all ra-

dial bands, meanwhile, remained comparatively negligible.

Figure 19 shows a time series of the original mass-

weighted DLM vector and the new DLM vectors with the

upper-layer quadrant closest to the TUTT cell removed.

A clear influence by the TUTT cell is evident within the

two inner radial bands of the new DLM. They both show

reduced wind speed magnitudes (;10%–20%) compared

to the original DLM vectors but, more significantly, re-

veal a direction consistently 308–558 to the left (westward)

during the interaction period. The 58–78 radial band of the

new DLM (not shown), meanwhile, remained close to the

original DLM in both direction and magnitude. The re-

sults fit our model expectations and add credence to the

NHC’s postanalysis claim.

g. Frequency of occurrence

During the period of this study, the JTWC ATCR

documented 169 TCs at tropical storm (17 m s21) or

greater intensity for an average of ;5 days each in the

northwest Pacific Ocean basin. Initially, 25 TCs had a

TUTT cell within 2000 km at some point, though only 9

TCs (2 cases were from Rex) were used due to our case

study criteria. Considering the 4.5 days that include the

time before, during, and after the interaction period,

TUTT cells interact with TCs ;13% of the time in the

northwest Pacific Ocean basin.

FIG. 18. As in Fig. 3 but for Hurricane Erin (1995) and with the (top left) NHC inset. The

dotted lines indicate the estimated start (between 1800 UTC 31 Jul and 0000 UTC 1 Aug 1995)

and end (1200–1800 UTC 1 Aug 1995) points of the TUTT cell interaction period.
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4. Conceptual model and conclusions

Figure 20 is a graphical representation of our con-

ceptual model guidance for the influence of a TUTT cell

on TC motion designed for operational use at the

JTWC. On the left side of Fig. 20, five scenarios provide

possible orientations for forecaster pattern recognition.

The graphic was designed for forecasters as a ‘‘quick

check’’ to be applied during each forecast cycle, as

needed. This method is similar to Carr and Elsberry’s

(1994) systematic approach to TC forecasting design. Six

yes–no questions provide initial quantified decision-

grade criteria to determine if an interaction between the

two circulations is likely. These questions, based on our

results, are listed below:

1) Is the 200-hPa TUTT cell center within 1700 km

(;158) of the TC?

2) Is the TC and TUTT cell separation distance de-

creasing?

3) Is the TUTT cell’s 200-hPa winds field (.15 m s21)

within 800 km (;78) of the TC’s center?

4) Has the TUTT cell maintained a maximum 200-hPa

intensity of either

(a) potential vorticity $2.5 PVU or

(b) relative vorticity $11 3 1025 s21?

5) Has the TUTT cell maintained a closed circulation at

or below 400 hPa?

6) Is the TC at tropical storm intensity or greater?

Six ‘‘yes’’ answers indicate a strong likelihood the

TUTT cell will exert a predictable influence on TC

motion. If any answers are ‘‘no,’’ an interaction is un-

likely at that time. If an interaction is likely, the fore-

caster can then select a scenario that fits the current

situation based on a typical envelope of forecast models

referred to as the model ensemble field–trapezoid (e.g.,

a multimodel ensemble array). The envelope in each

scenario is color coded with areas of likely and unlikely

[green (annotated with a G) and red (R), respectively]

speed and directional biases in the TC’s forecast track.

The bias is to be applied after ensemble forecast track

development.

The preliminary scenarios for the conceptual model

were derived from the orientation of the circulations

within the case studies. Realistic scenarios that did not

occur within our cases were inferred. Some scenarios are

much less likely to occur and were not included, such as

a southward-tracking TC. A TUTT cell located south of

a westward-moving TC is another unlikely scenario.

Westward-moving TCs are typically south of the sub-

tropical ridge, at low latitudes and south of the TUTT’s

climatological position. Forecast characteristics of both

circulations (orientation, intensity, and separation dis-

tance) must be taken into account for continued use of

the conceptual model. If the orientation of the two cir-

culations matches one scenario at first but is expected to

change to another over time, so must the application of

the track bias.

The suggested use of persistence is also provided. Once

an interaction is recognized to have begun, persistence

should be more heavily weighed (out 12–24 h) during the

first 24 h of an identified interaction period. After 24 h,

persistence should remain heavily weighed but only for

the first 6–12 h since the environment is likely to change

in the near future. A change would normally be due to the

dissipation of the TUTT cell, an increase in the separa-

tion distance between the two circulations, a change in

the TC intensity, and/or a change in its orientation. At

this point, more forecast weight would return to the tra-

ditional model ensemble forecast.

FIG. 19. The original (top) 38–58 and (bottom) 18–38 mass-

weighted DLM radial band (solid) and the new mass-weighted

DLM with the upper-layer quadrant closest to the TUTT cell re-

moved (dotted) for Erin. Mean vectors are scaled to the mean

speed of the TC, which is equal to the distance between each

6-hourly time step. Dashed vertical lines mark the interaction start

(1800 UTC 31 Jul–0000 UTC 1 Aug 1995) and end points (1200–

1800 UTC 1 Aug 1995).

OCTOBER 2009 P A T L A E T A L . 1233



Our research explored a previously undocumented but

often referenced topic. We provided evidence, by the use

of observational case studies, that TUTT cells do play a

significant role in TC motion by affecting a TC’s envi-

ronmental steering flow. Cases in our study demonstrated

the link based on our analysis of the TC’s environmental

flow within specific layers, radial bands, and quadrants of

the TC’s upper-layer environment. The direction of the

bias is based on the orientation of the two circulations and

the TUTT cell’s downwind flow through the quadrant(s)

of the TC closest to the TUTT cell.

Until operational forecast model capability improves,

the application of our operational guidance will help to

decrease TC forecast track errors during these events.

Future similar studies in other basins are warranted to

validate the universality of this model or determine its

geographical dependency. By the writing of this paper,

the guidance had already been reviewed and partially

applied at the JTWC. The guidance is also planned to be

coordinated at the Central Pacific Hurricane Center

(CPHC). The broad nature of the guidance is necessary

since only 10 cases are initially used from the Pacific and

1 from the Atlantic.
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