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ABSTRACT

Analysis of a predecessor rain event (PRE) over the Straits of Florida ahead of Tropical Cyclone (TC) Isaac

on 25 August 2012 is presented. This PRE is unique compared to previously documented PREs in mid-

latitudes because it occurred over the oceanic subtropics and impacted the track of an approaching TC. The

Isaac PRE developed in conjunction with a tropical moisture plume with precipitable water values over

60mm that intersected a region of mid- and upper-level frontogenesis and warm air advection on the

southeast flank of an upper-level trough. The PRE occurred in an environment with more abundant tropical

moisture and weaker synoptic-scale forcing for ascent compared to the environments in which midlatitude

PREs developed.

The Isaac PRE contributed to the fracture of the upper-level trough through negative potential vorticity

advection by convectively driven divergent outflow. Fracture of the upper-level trough and midlevel cyclonic

vorticity amplification associated with the PRE acted to steer Isaac south of Florida into the Gulf of Mexico.

Forecasts from the National Centers for Environmental Prediction–Global Forecast System (NCEP–GFS)

initialized at 0000 UTC 21–24 August 2012 failed to predict the PRE and as a result recurved TC Isaac over

Florida and the eastern Gulf of Mexico rather than continued Isaac on a northwest course toward southeast

Louisiana. Vorticity inversion anddetailed diagnosis of theNCEP–GFSTC track forecast initialized at 0000UTC

22 August is also presented to assess the relationship between the PRE and TC Isaac’s track.

1. Introduction

Predecessor rain events (PREs) are coherent high-

impact mesoscale precipitation systems that occur ahead

of tropical cyclones (TCs). PREs occur as tropical mois-

ture is transported ahead of a TC and is lifted along a low-

level frontogenetical baroclinic zone in the equatorward

entrance region of an upper-level jet streak (e.g., Cote

2007; Galarneau et al. 2010;Moore et al. 2013; Bosart and

Carr 1978; Byun and Lee 2012). The synoptic-scale

forcing for ascent and deep tropical moisture trans-

ported from the TC comprises the ingredients for

heavy rainfall (Doswell et al. 1996), and sets the stage

for the development of heavy-rain-producing meso-

scale precipitation systems (e.g., Meng and Zhang 2012).

Compositing studies of PREs by Cote (2007) and

Galarneau et al. (2010) show that they occur over the

continental United States (CONUS);1000km ahead of

TCs, with nearly one-third of all TCs over the western

North Atlantic during 1995–2008 producing at least one

PRE. Case studies of PREs associated with TC Erin

(2007) by Galarneau et al. (2010) and Schumacher et al.

(2011), TC Ike (2008) by Bosart et al. (2012), and TC

Rita (2005) by Moore et al. (2013) show that PREs de-

velop in a synoptic-scale flow pattern that resembles the

‘‘frontal’’-type flash flood scenario identified byMaddox

et al. (1979).

Building onpreviouswork byCote (2007) andGalarneau

et al. (2010), Moore et al. (2013) identified three distinct

synoptic-scale weather patterns in which PREs occur in

their compositing study of PREs over the CONUS east

of the Rockies during 1988–2010. The three synoptic

patterns identified are ‘‘jet in ridge’’ (JR), ‘‘southwesterly

jet’’ (SJ), and ‘‘downstream confluence’’ [DC; see Fig. 20

in Moore et al. (2013)]. These composite categories have

many of the same characteristics identified by Galarneau

et al. (2010), primarily that PREs develop as moist air in

the TC’s circulation is transported poleward ahead of the
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TC and forced to ascend near a low-level frontogenetical

baroclinic zone beneath the equatorward jet entrance

region of an upper-level jet streak.

Moore et al. (2013) also discussed the role of the TC in

PRE development for the three synoptic patterns

identified. For TCs that (i) provide anomalously high

water vapor transported to the PRE region by strong

low-level southerly flow and (ii) strengthen and anchor

the upper-level jet streak through combined diabatically

driven divergent outflow from the TC and developing

PRE, their role is considered direct. The SJ and DC

synoptic patterns fall into this category. In addition to

providing high water vapor, these TCs have a dynamical

impact on the developing PRE. Strengthening and an-

choring of the upper-level jet by the TC and developing

PRE can also facilitate the development of subsequent

PREs (Bosart et al. 2012) and atmospheric rivers (Cordeira

et al. 2013). For TCs that provide anomalously high water

vapor only, their role is considered indirect. The JR

synoptic pattern falls into this category, and resembles

Maddox et al.’s (1979) frontal-type flash flood event

discussed earlier.

The socioeconomic impact of PREs is nonnegligible

as documented by Rowe and Villarini (2013). They

showed, using stream gauge data, that four of the six

PREs over the Midwest during 2002–08 produced 10-yr

flood events. Additionally, the PRE ahead of TC Erin

(2007) produced the all-timeMinnesota state record 24-h

rainfall accumulation of 383.5mm at Hokah,Minnesota,

on 19 August (Galarneau et al. 2010; Schumacher et al.

2011; Schumacher and Galarneau 2012; Minnesota

Department of Natural Resources 2015), while the

PREs ahead of TCs Ike and Lowell (2008) set the all-

time record daily rainfall of 189.5mm at Lubbock,

Texas, on 11 September; 261.9mm at Wichita, Kansas,

on 12 September; and 168.7mm at Chicago–O’Hare, Il-

linois, on 13 September1 (Bosart et al. 2012; Schumacher

and Galarneau 2012).

The ability of operational numerical weather prediction

systems to accurately forecast the occurrence, duration,

and intensity of PREs is largely unknown. Examination

of select individual cases has yielded mixed results.

Galarneau et al. (2010) show that the PRE associated

with TC Erin (2007) was well forecasted by the European

Centre for Medium-Range Weather Forecasts ensemble

prediction system, with 5-day forecasts indicating a 30%

probability of over 50mm of rainfall over the PRE region,

increasing to a 90% probability in the 2-day forecast. A

multimodel ensemble analysis of the TC Erin (2007) and

TC Ike (2008) PREsbySchumacher andGalarneau (2012)

highlights the important challenges associated with the

prediction of PREs. The first challenge is accurately pre-

dicting the TC track, since if the track is well forecasted

then the moisture plume transport will likely be well

forecasted. The second challenge is to obtain an accurate

representation of the moisture field in the model initial

conditions. The third challenge is to accurately predict the

timing and intensity of the lifting mechanism (e.g., mid-

latitude trough, upper-level jet streak, and lower-level

baroclinic zone) in which the heavy rainfall develops.

The present paper aims to examine a PRE that oc-

curred over southern Florida on 25August 2012 ahead of

TC Isaac (2012) (Fig. 1). This case is unique compared to

previously analyzed PREs over the CONUS (e.g.,

Galarneau et al. 2010; Schumacher et al. 2011; Bosart

et al. 2012; Schumacher andGalarneau 2012;Moore et al.

2013) and eastern Asia (e.g., Wang et al. 2009; Byun and

Lee 2012; Meng and Zhang 2012; Baek et al. 2013)

documented in the refereed literature, as it occurred in

subtropical latitudes and directly influenced the track of

a TC by modifying the TC steering flow. In the case of TC

Isaac, PRE-induced convectively driven divergent outflow

FIG. 1. (a) HURDAT (black; Landsea et al. 2004) and 0000UTC

22 Aug 2012 GFS forecast (red) track of TC Isaac with filled circles

marking the 0000 UTC positions and CMORPH-derived 24-h

precipitation (shaded according to the color bar in mm) on 25 Aug

2012. (b) Time series of area-average 6-h precipitation (dashed;mm)

and total accumulated precipitation (solid; mm) starting at

0000 UTC 23 Aug 2012 from CMORPH (black) and the GFS

forecast (red) initialized at 0000 UTC 22 Aug 2012. The area

average is computed in the red box shown in (a).

1 The all-time record daily rainfall at Chicago–O’Hare, Illinois,

was eclipsed on 23 July 2011 with 174.2mm (Bosart et al. 2012).
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contributed to thinning and fracture of an upper-level

trough over Florida, which allowed Isaac to move north-

westward into theGulf ofMexico rather than recurve into

Florida. Medium-range TC track forecasts from the op-

erational National Centers for Environmental Prediction

(NCEP)–Global Forecast System (GFS) recurved Isaac

over and east of Florida rather than continued Isaac

northwestward into the Gulf of Mexico. As an example,

the GFS forecast initialized at 0000 UTC 22 August 2012

is compared to the observed track in Fig. 1a.Wewill show

that early recurvature in theGFS forecasts is linked to the

model’s inability to predict the occurrence of the PRE

ahead of Isaac (Fig. 1b). This study highlights the com-

plex interaction between a PRE and its environment and

how that impacts a TC threatening the U.S. mainland,

thus posing a significant forecast challenge.

This study is organized as follows. Section 2 describes

the data and diagnostic calculations used to analyze the

PRE. Section 3 provides an overview of Isaac and the

PRE and diagnosis of the PRE’s importance in the track

of Isaac, while section 4 analyzes track forecasts for

Isaac from the deterministic GFS. The conclusions are

provided in section 5.

2. Data and methods

The NCEPGFS analyses and forecasts are available 4

times daily at 0.58 3 0.58 horizontal grid spacing on

isobaric levels at 50-hPa increments (25 hPa below

750hPa), and constitutes the primary data source for this

study. These data are supplemented by National Aero-

nautics and Space Administration (NASA)Geostationary

Operational Environmental Satellite (GOES)-East in-

frared satellite imagery and upper-level radiosonde ob-

servations. Precipitation analyses are generated using

the NOAA Climate Prediction Center Morphing Tech-

nique (CMORPH; Joyce et al. 2004) 3-h global pre-

cipitation analyses available at;8-km horizontal grid

spacing. Air parcel trajectories are computed using

the NCEP GFS analyses at 6-h intervals, with linear

interpolation used at 1-h intervals between analysis times.

Diagnostic calculations used herein include the ver-

tically integrated water vapor transport (IVT; Moore

et al. 2012), calculated as

IVT52

ðp
p
0

(qV)
dp

g
, (1)

where p0 is 1000hPa, p is 300hPa, V is the the horizontal

wind vector, q is the water vapor mixing ratio, and g is the

acceleration due to gravity, and Petterssen frontogenesis

(Keyser et al. 1986), defined as

d

dth
j$huj52

1

2
j$huj(Dh 2Fh cos2bh) , (2)

where h represents the horizontal plane and the quanti-

ties Dh and Fh denote the divergence and resultant de-

formation, respectively. The angle bh is defined as the

difference between the angles of the local orientation of

the axis of dilatation and the isentropes in the horizontal

plane.

The filamentation time tfil is applied to quantify the

impact of the PRE on the evolution of an upper-level

trough, and is defined as

tfil 5 2(E2
sh 1E2

st2 z2)21/2 , (3)

where Esh is the shearing deformation, Est is the

stretching deformation, and z is the relative vorticity.

The tfil represents the e-folding time for filamentation of

vorticity structures as derived by Rozoff et al. (2006).

Physically, vorticity structures elongate in regions where

the resultant deformation , E2
sh 1E2

st is larger than the

rotational flow z2 [see Riemer and Jones (2014), their

section 6.1]. A divergent filamentation time is also used

to determine the impact of divergent outflow associ-

ated with the PRE on the structure of an upper-level

trough. The filamentation time due to divergent flow

[tdivfil ; Riemer and Jones (2014), their Eq. (7)] is

defined as

tdivfil 5
(12 1/e)Lx

udiv
, (4)

where Lx is the length scale and udiv is the component of

the divergent wind normal to the trough axis.

Vorticity inversion is used to compute the environ-

mental wind in which TC Isaac is embedded with the

effect of Isaac’s cyclonic circulation removed. To do so,

we follow the methodology of Galarneau and Davis

(2013; see also Davis et al. 2008), where the stream-

function and velocity potential are computed as

=2c5

�
z for r# r0
0 for r. r0

�
(5)

and

=2x5

�
d for r# r0
0 for r. r0

�
, (6)

where c is the streamfunction, x is the velocity potential,

z is the relative vorticity, d is the divergence, and r0 is the

radius at which the TC is removed. From the solutions

of (5) and (6), we can determine the nondivergent and

divergent wind vectors from
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Vc 5 k3$c (7)

and

Vx 5$x . (8)

The environmental wind with the effect of the TC re-

moved for a given radius r0 is then computed as

Venv 5V2Vc 2Vx , (9)

where Venv is the environmental wind vector and V is

the total wind. The steering layer flow is then defined

as the area (r0 can range from 18 to 88) and vertically

(depth can range from the 850–800- to 850–200-hPa

layer) averaged Venv that best matches the TC motion

based on positions at 612 h (Galarneau and Davis

2013, 409–410).

3. Analysis of PRE and track of Isaac

a. Overview and moisture sources

Tropical Cyclone Isaac originated as an African easterly

wave over the tropical North Atlantic in mid-August 2012.

Isaac reached tropical storm intensity late on 21 August,

and moved into the eastern Caribbean on 23 August

(Fig. 1). On 25 August, Isaac turned northwestward and

moved over the southwest corner of Haiti to the north

side of Cuba. Isaac continued on its northwestward

course through the Straits of Florida into the Gulf of

Mexico on 26–27 August, intensified to category-1 in-

tensity on the Saffir–Simpson scale (Simpson 1974) on

28 August, and made landfall over southeast Louisiana

on 29 August. A summary of Isaac’s life cycle was pro-

vided by Berg (2013).

The 24-h CMORPH-derived rainfall for 25 August

2012 is shown in Fig. 1a. While Isaac moved from the

south of Hispaniola to the north side of Cuba, heavy

rainfall over 100mm occurred over the Straits of Flor-

ida. Rain gauge observations over southern Florida re-

corded 40–100mm of rainfall, with the highest amount

near the coastal regions of southeast Florida (not shown).

This region of rainfall occurred ahead of Isaac and was

separate from the rain shield in Isaac’s cyclonic circu-

lation (Fig. 1a). The time series of area-averaged rainfall

within the box in Fig. 1a shows that there were two peaks

in 6-h rainfall during 23–28 August (Fig. 1b). The initial

peak occurred on 25 August when Isaac was still in the

Caribbean and the second occurred on 26 August in con-

junction with the passage of Isaac into the Gulf of Mexico.

The GOES-East infrared satellite imagery showed that

deep convection developed and aggregated into a co-

herent mesoscale precipitation system between southeast

Florida and northern Cuba just after 0000 UTC 25August

(Figs. 2a,b). The convective system remained nearly

stationary on 25 August and was clearly separated from

the main cloud shield associated with Isaac (Figs. 2b–d).

Isaac merged with the precursor convective system on

26 August as it moved northwestward into the Gulf of

Mexico (not shown).

At 0000 UTC 24 August, Isaac was located over the

eastern Caribbean on the equatorward flank of the oce-

anic subtropical anticyclone while an upper-level trough

was located over the southeast United States and the

eastern Gulf of Mexico (Fig. 3a). The sounding at Key

West, Florida (EYW), showed fairly dry conditions

throughout the troposphere with 34mm of total column

precipitable water (PW; Fig. 4). The northern part of

Isaac’s tropical moisture plume was advected north-

westward toward the Straits of Florida beginning at

1200 UTC 24 August in conjunction with 20m s21 low-

level flow located between Isaac and the subtropical

ridge to the north (Fig. 3b). The tropical moisture

plume reached the developing mesoscale precipitation

system southeast of EYW at 0000 UTC 25 August

(Figs. 3c and 2b). The sounding at EYW also showed a

marked increase in PW to over 50mm in conjunction

with moistening below 500 hPa (Fig. 4). The flow above

500 hPa backed and strengthened in the 24-h ending at

0000 UTC 25 August as the upper-level trough moved

southeastward over Florida and into the easternGulf of

Mexico (see also Figs. 3a–c).

By 1200 UTC 25 August the mature convective system

southeast of Florida was embedded in deep tropical mois-

ture with PW values approaching 60mm (Figs. 3d and 4).

The sounding atEYWat 1200UTC25August showed that

the convective system occurred along a midlevel frontal

zone marked by an abrupt wind shift and temperature in-

version near 400hPa with warm advection aloft (Fig. 4).

The midlevel frontal zone was a signature of the upper-

level trough over Florida (Fig. 3d). On 26 August, Isaac

moved through the Straits of Florida and into theGulf of

Mexico (Figs. 3e,f). Heavy precipitation continued with

Isaac’s passage (Fig. 1b), aided by deep tropical mois-

ture and deep warm advection (Fig. 4). The ability of

Isaac to continue northwestward was abetted by the

thinning and fracture of the upper-level trough over

Florida on 25–26 August (Figs. 3c–f). In all, the rainfall

associated with the precursor mesoscale precipitation

system and Isaac resulted in widespread flooding over

southern Florida (Berg 2013).

The precursor mesoscale precipitation system was a

rainstorm separate from Isaac that produced over

100mm in 24h (Figs. 1 and 2). Analyses of PW suggested

that moisture that reached the rainstorm originated

from the Isaacmoisture plume (Fig. 3). These conditions
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indicate that the precursor rainstorm was indeed a PRE.

This assertion was supported by IVT and air parcel

trajectory analyses shown in Fig. 5. The time-mean IVT

for 1200 UTC 23–25 August showed a maximum that

extended from north of Isaac to the PRE region (Fig. 5a).

The air parcel trajectory analysis supported the IVT

calculation, indicating that approximately 50% of air

parcels that ended in the PRE region at 1500 and 3000m

above mean sea level at 0000 UTC 25 August originated

within the Isaac moisture plume at 0000 UTC 23 August

(Fig. 5b). The air parcels at 9000m originated on the west

side of the upper-level trough over the eastern third of the

United States. The air parcels at all levels initially de-

scended through 0000 UTC 24 August, followed by

gradual ascent in the 24h before 0000 UTC 25 August as

they approached the PRE region (Fig. 5c). The air parcels

in the mid- and upper levels moistened as they ascended,

while the low-level air parcels remained moist (relative

humidity values $75%) throughout the 48-h period

(Fig. 5d).

b. Evolution of circulation features and lifting
mechanisms

The evolution of key subsynoptic-scale circulation fea-

tures during 1200 UTC 23–26 August 2012 is shown in

Fig. 6. The symbols used to identify key circulation fea-

tures are summarized in Table 1. At 1200 UTC 23August,

Isaac was located over the eastern Caribbean, while an

upper-level trough (T1) extended from eastern Cuba

northward to 308N and a second upper-level trough (T2)

was located over the southeast United States and was

contributing to extratropical cyclone (C) development

along the southeast U.S. coast (Fig. 6a). By 1200 UTC

24 August, development of C continued along the south-

east U.S. coast while a subtropical ridge developed

downstream over the western North Atlantic (Fig. 6b).

Upper-level trough T1 weakened in the north–south

deformation zone (not shown) between developing cy-

clone C and subtropical ridge A. Well-defined low-level

southeasterly flow formed between Isaac and subtropical

FIG. 2. GOES-East color enhanced (shaded according to the color bar in 8C) infrared satellite imagery valid

at (a) 1345 UTC 24 Aug, (b) 0145 UTC 25 Aug, (c) 1345 UTC 25 Aug, and (d) 0145 UTC 26 Aug 2012. The

position of TC Isaac is marked with an X and the PRE is labeled with a white arrow. Imagery was obtained

from CIMSS.
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ridge A and a region of low-level cyclonic vorticity (P)

formed over Cuba on the cyclonic-shear-side of the low-

level flow.

The low-level cyclonic vorticity feature P moved

northwestward and amplified south of Florida in con-

junction with the PRE by 1200 UTC 25 August (Figs. 2c

and 6c). At the same time, upper-level trough T2 began to

thin and fracture from the northern part of the trough

through 1200 UTC 26 August (Figs. 6c,d). Concurrently,

the low-level cyclonic vorticity P that amplified in con-

junction with the PRE began to interact with Isaac. The

binary interaction (Fujiwhara 1923, 1931; Dong and

Neumann 1983) between Isaac and cyclonic vorticity P,

combinedwith thinning and fracture of upper-level trough

T2, led to Isaac tracking northwestward into the Gulf of

Mexico by 1200 UTC 26 August (Fig. 6d). More detailed

diagnosis of the impact of the PRE on the upper-level

trough and Isaac’s motion will be presented in section 3c.

FIG. 3. GFS analysis total column PW (shaded according to the color bar in mm), 250-hPa streamfunction (black

contours every 3 3 106m2 s21), and 850–700-hPa layer-mean wind vector (half barb 5 2.5m s21; full barb 5 5.0m s21;

pennant 5 25.0m s21) at (a) 0000 UTC 24 Aug, (b) 1200 UTC 24 Aug, (c) 0000 UTC 25 Aug, (d) 1200 UTC 25 Aug,

(e) 0000UTC26Aug, and (f) 1200UTC26Aug 2012. The location ofEYWandTC Isaac aremarked by a black andwhite

X, respectively. The tropical moisture plume ahead of Isaac is marked by a white-dashed unfilled ellipse in (b)–(d).
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To examine the lifting mechanisms and physical pro-

cesses that contributed to PRE formation, vertical cross

sections of water vapor mixing ratio, potential temper-

ature (u), flow in the plane of the cross section, and

potential vorticity [PV; PV unit (PVU), 1PVU 5
1026Kkg21m2 s21], u, and wind are shown in Fig. 7. At

0000 UTC 25 August, the developing PRE was located

on the leading edge of the plume of deep tropical mois-

ture extending northwestward from Isaac (Figs. 7a,b and

3c). A region of ascent was located on the warm, moist

southeast side of an axis of mid- to upper-level frontogen-

esis in a region of deformation (shown by streamfunction

contours in Fig. 7a) on the southeast flank of upper-level

trough T2 (Figs. 7b,c). The environment was also charac-

terized by deep warm air advection on the leading flank of

low-level cyclonic vorticity feature P. The PRE ma-

tured on the leading edge of the deep tropical moisture

in a region of synoptic forcing for ascent associated

with frontogenesis and warm advection by 1200 UTC

25 August (Fig. 7d). The low-level cyclonic vorticity

feature P amplified in the presence of the PRE and

began to interact with Isaac approaching from the

southeast (Fig. 7e).

c. Impact of PRE on environment flow and Isaac’s
track

This subsection will examine the impact of the PRE

on the environment flow and Isaac’s motion. The bulk

upscale effect of deep convection on upper-level trough

T2 over Florida on 25August is shown in Fig. 8. A region

FIG. 4. Sequence of skew T–logp diagrams of (top) air temperature (8C; blue) and dewpoint (8C; red), and (bottom) wind vector (barbs

as in Fig. 3) for EYW at 1200 UTC 23 Aug–0000 UTC 27 Aug 2012. The vector wind profiles are shown every 6 h starting at 1200 UTC 23

Aug, and the thermodynamic profiles every 12 h starting at 0000 UT 24 Aug. The convective available potential energy (CAPE; J kg21)

and total column PW (mm) are indicated on each thermodynamic profile.
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of 600–400-hPa layer-mean ascent, the signature of the

PRE in the GFS analyses, moved slowly northwestward

on the north side of Cuba on 25 August. By 0600 UTC

25 August, upper-level divergent outflow associated

with the PRE was impacting the southeast flank of the

upper-level trough T2 (Fig. 8b). The upper-level trough

markedly thinned between 0600 and 1200 UTC 25 Au-

gust as southeasterly divergent outflow slowed the pro-

gression of the forward flank of the trough through

negative PV advection by the divergent wind (Figs. 8b,c).

The attendant increase in PV gradient on the forward

flank of the trough was coincident with strengthening of

the upper-level jet to the north. The divergent outflow

helped to ‘‘lock in’’ the upper-level jet entrance region,

maintaining the favorable synoptic-scale region of ascent.

The role of convectively driven divergent outflow in

‘‘locking in’’ a favorable synoptic-scale environment for

heavy rainfall was also documented in the PREs ahead of

TC Ike by Bosart et al. (2012). By 1800 UTC 25 August,

the upper-level trough T2 was beginning to fracture in the

presence of ;5ms21 convectively driven divergent out-

flow associated with the PRE (Fig. 8d).

The filamentation time tfil was computed to assess the

role of the PRE in the deformation and fracture of the

FIG. 5. (a) Time mean IVT vector (arrows with magnitude shaded according to the color bar in kgm21 s21) and track of TC Isaac (green

line with 0000UTC positions marked by green-filled black circles) for 1200 UTC 23–25 Aug 2012 and CMORPH-derived 24-h precipitation

(black contours at 50, 100, 150, and 200mm) on 25Aug 2012. (b) Forty-eight 48-h backward air parcel trajectories starting in themagenta box

at 0000 UTC 25 Aug 2012. IVT vectors and trajectories are derived from the GFS analysis. The red, blue, and black air parcel trajectories

start at 1500, 3000, and 9000m abovemean sea level, respectively. The position of Isaac at 0000UTC23Aug and 25Aug ismarkedwith anX,

and PW $ 52mm at 0000 UTC 23 Aug is marked with a dark green line enclosing a light green shaded area. The 1086-dam 250-hPa

geopotential height contour at 0000UTC23Aug 2012 ismarked by the thick black contour. The time series of themedian air parcel pressure

perturbation (hPa) relative to its value at 0000 UTC 25 Aug and relative humidity (%) are shown in (c) and (d), respectively.
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upper-level trough over Florida (Fig. 9a). The compu-

tation of tfil at 1200 UTC 25 August showed low

values ,0.25 day21 along the trough axis just west of

Florida (Fig. 9a), indicating that the synoptic-scale flow

favored rapid thinning and elongation of the trough,

leading to its eventual fracture. To assess the trough

filamentation time due to the convectively driven di-

vergent outflow associated with the PRE, we computed

the divergent filamentation time tdivfil as in Riemer and

Jones (2014, see their section 6.3). Figure 9b shows the

300–200-hPa layer-mean cyclonic relative vorticity and

PRE-driven divergent outflow2 at 1200 UTC 25 August

(Fig. 9b). Using a divergent outflow normal to the trough

axis of 3.3ms21 and a length scale of 400km, tdivfil ’
0.9day21, indicating that the PRE-driven divergent out-

flow was a bit larger than the filamentation time with the

full wind. Nonetheless, it is apparent that the PRE-driven

divergent outflow did contribute to thinning and frac-

ture of the upper-level trough T2 over Florida prior to

the arrival of Isaac.

To address the role of the PRE and fracture of the

upper-level trough T2 in the motion of Isaac as it ap-

proached southern Florida, vorticity inversion of rele-

vant circulation features was employed to attribute the

amount of flow driven in Isaac’s environment to each

circulation feature. The key circulation features identified

FIG. 6. GFS analysis 300–200-hPa layer-mean relative vorticity (shaded according to the color bar in31025 s21)

and streamfunction (black contours every 3.0 3 106m2 s21), and 700–500-hPa layer-mean relative vorticity (blue

contours every 2.03 1025 s21 starting at 2.03 1025 s21) andwind vector (barbs as in Fig. 3) at (a) 1200UTC 23Aug,

(b) 1200 UTC 24 Aug, (c) 1200 UTC 25 Aug, and (d) 1200 UTC 26 Aug 2012. Key circulation figures are labeled

using the notation in Table 1. Isaac is marked by a magenta arrow.

TABLE 1. List of unique symbols used in the figures to label synoptic-

scale weather systems.

Description Figures

Upper-level trough over eastern

Cuba (T1)

Figs. 6a,b

Upper-level trough over eastern

Gulf of Mexico (T2)

Figs. 6; 7c,e; 10a,b; and 16c

Midlevel vorticity maximumwith

PRE (P)

Figs. 6b–d; 7c,e; and 10a,b

Subtropical anticyclone (A) Figs. 6b,c and 10a,b

Extratropical cyclone (C) Figs. 6a,b
2 The PRE-driven divergent wind was computed using the

divergence within 48 of the PRE centroid.
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FIG. 7. GFS analysis (a) 500–400-hPa layer-mean streamfunction (black contours every 2.03 106m2 s21) and Petterssen frontogenesis

[shaded according to the color bar to the right of (a) in K (100 km)21 (3 h)21], and 700–500-hPa layer-mean water vapor mixing ratio

(dashed blue contours every 2 g kg21 starting at 4 g kg21) at 0000 UTC 25 Aug 2012. Vertical cross sections [orientation plotted in (a) as

solid black line] of water vapor mixing ratio [shaded according to the color bar beneath (d) in g kg21], potential temperature (black

contours every 3 K), Petterssen frontogenesis [red contours at 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5K (100 km)21 (3 h)21], and circulation in the

plane of the cross section (arrows inm s21 with scale located beneath left side of panel) at (b) 0000 and (d) 1200UTC 25Aug 2012. The PV

[shaded according to the color bar beneath (e) in PVU], potential temperature (green contours every 3K), and vector wind (barbs as in

Fig. 3) at (c) 0000 and (e) 1200 UTC 25 Aug 2012.
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include the (i) broad subtropical ridge over the western

NorthAtlantic, (ii) circulation features over theCaribbean

Sea, (iii) cyclonic vorticity associated with the PRE, (iv)

cyclonic vorticity associated with the upper-level trough,

and (v) near-stormvorticity asymmetries (Figs. 10a,b). The

vorticity within each enclosed region marked in Fig. 10a

was inverted to determine the 850–250-hPa layer-mean

flow induced over Isaac by each of the five features listed

above. The vorticity inversion revealed that the sub-

tropical ridge induced an east-southeasterly flow over

Isaac during 1200 UTC 25–26 August (Figs. 10c–e). This

flow was balanced by the southerly flow induced by the

cyclonic vorticity associated with the PRE and the upper-

level trough and circulation features over the Caribbean

Sea, and weak easterly flow on average from near-storm

vorticity asymmetries, resulting in a Venv that steered

Isaac through the Straits of Florida into the Gulf of

Mexico. The residual difference between the actual

storm motion and the total contribution from the five

circulation features was due to a southwestward propa-

gation component of Isaac’s motion likely driven in part

by binary interaction between Isaac and the PRE cy-

clonic vorticity after 1200 UTC 25 August (Figs. 6c,d

and 10c).

4. Deterministic GFS track forecasts

a. 0000 UTC GFS forecasts

The track forecasts for TC Isaac from the operational

GFS forecasts initialized at 0000 UTC 21 August–1 Sep-

tember 2012 are shown in Fig. 11a. Forecasts initialized

after 25 August accurately predicted landfall over the

southeast Louisiana coastline on 29 August. Earlier ini-

tializations, however, predicted an earlier recurvature for

Isaac,with forecasts initialized on 21–22August indicating

recurvature over eastern Florida on 27 August. Fore-

casts initialized on 23–25 August improved slightly, but

still predicted an earlier recurvature and landfall over

the Florida Panhandle on 29 August. After an initial

departure in the forecast tracks from the observed track

of Isaac over the easternCaribbean Sea on 23–24August,

FIG. 8. GFS analysis 300–200-hPa PV (green contours every 1 PVU starting at 1 PVU), layer-mean divergent

wind (arrows in m s21 with scale at top right of each panel), layer-mean total wind speed (shaded according to the

color bar in m s21), and 600–400-hPa layer-mean ascent (magenta contours every 0.3 Pa s21 starting at20.3 Pa s21)

at (a) 0000, (b) 0600, (c) 1200, and (d) 1800UTC 25Aug 2012. The position of Isaac is marked by the blue X and the

PRE is indicated by the blue unfilled circle.
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the final departure occurred on 26 August as the fore-

casted tracks initialized at 0000 UTC 21–25 August

moved on a more northward course (Fig. 11a).

Comparison of the absolute track errors for Isaac

from the GFS forecasts initialized at 0000 UTC 21–

25 August 2012 with the GFS mean absolute error for

TCs over the North Atlantic basin during 2012–14 and

the Hurricane Forecast Improvement Project (HFIP)

track error baseline3 is shown in Fig. 11b. The track

forecast errors for Isaac were comparable or lower than

the 2012–14 climatology at 1200 UTC 26 August (time

of ‘‘early recurvature’’ marked by arrows), and gener-

ally increased thereafter. While the medium-range

track forecast errors for Isaac were consistent with

the 2012–14 statistics, they were higher than the HFIP

baseline by 168 h.

Comparison of 300–200-hPa layer-mean z and c and

700–500-hPa layer-mean z and wind between the GFS

forecasts and the verifying GFS analysis at 0000 UTC

26 August (just prior to the departure in track forecasts

from the observed) is shown in Fig. 12. TheGFS forecasts

initialized at 0000UTC 21–22 August were characterized

by a larger upper-level trough over the southeast United

States and increased westerly flow aloft over Florida and

the western North Atlantic compared to the analysis at

0000UTC26August (Figs. 12a,b,f). The southwest end of

the analyzed upper-level trough was beginning to

fracture and move southwestward, while the forecasted

trough shows no evidence of thinning and fracturing.

The forecasts initialized at 0000 UTC 23–25 August

placed the core of the upper-level trough farther north-

east in agreement with the verifying analysis (Figs. 12c–f).

The forecasts on 23–24 August both showed a thin

upper-level trough structure that extended southwest-

ward from the core of the trough over the Carolina coast

into the Gulf of Mexico, but with no evidence of frac-

turing as in the analysis (Figs. 12c,d,f). The forecast

initialized at 0000 UTC 25 August showed indication

that the upper-level trough was fracturing over the Gulf

of Mexico (Fig. 12e).

Also of interest was the position of the upper-level

anticyclone northeast of Isaac. For forecasts initial-

ized at 0000 UTC 21–23 August, the anticyclone was

positioned east and northeast of Isaac and the upper-

level southwesterly flow was located over Florida

and the western North Atlantic (Figs. 12a–c). For

initializations at 0000 UTC 24–25 August, the anti-

cyclone expanded westward on the north side of Isaac

(Figs. 12d,e). The increased ridging over Florida and

the western North Atlantic, and fracture of the upper-

level trough on the Gulf of Mexico, resulted in flow

with an easterly component over southern Florida to

Cuba, aiding in the more westward track of Isaac in

the later initializations and verifying analysis (see

also Fig. 12f).

The GFS forecasts of 300–200-hPa layer-mean PV,

wind speed, vector divergent wind, and 600–400-hPa

layer-mean ascent verifying at 1200 UTC 25 August

is shown in Fig. 13. The GFS forecasts initialized at

0000 UTC 21–24 August all failed to predict the PRE

ahead of Isaac over the Straits of Florida on 25 August

(Figs. 13a–d and 8c). The GFS forecast initialized at

FIG. 9. GFS analysis (a) 300–200-hPa layer-mean relative vor-

ticity (blue contours every 4.0 3 1025 s21 starting at 4.0 3
1025 s21), wind vector (arrows in m s21 with scale at top right of

each panel), and tfil (shaded according to the color bar in units

of day21), and (b) 300–200-hPa layer-mean relative vorticity (blue

contours every 4.03 1025 s21 starting at 4.03 1025 s21), divergent

wind vector (arrows in m s21) due to divergence within 48 of the
PRE center, and the zonal component of divergent wind (shaded

according to the color bar in m s21) at 1200 UTC 25 Aug 2012.

3 The HFIP track error baseline was computed from the top-

flight operational models for the 2006–08 North Atlantic TC

seasons (Gall et a. 2014).
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0000 UTC 25 August was the first to represent the PRE

and the subsequent upper-level trough fracture on

26 August (Figs. 13e and 12e). This result suggested a

strong linkage between the PRE and fracture of the

upper-level trough over Florida, which impacted the

track of Isaac on 26–29 August. In section 4b, the GFS

forecast initialized at 0000 UTC 22 August will be di-

agnosed inmore detail to determine how themissed PRE

and upper-level trough fracture contributed to the early

recurvature of Isaac over eastern Florida on 26 August

(Fig. 11).

b. Diagnosis of GFS forecast initialized at 0000 UTC
22 August 2012

The GFS track forecast initialized at 0000 UTC

22 August was characterized by an early recurvature

error, with the forecast track turning on a more

northward course compared to the observed track

beginning at 1200 UTC 26 August (Fig. 14a). The

GFS forecast track made landfall along the eastern

Florida coast near 1800 UTC 27 August, while the

observed track continued northwestward into the

FIG. 10. GFS analysis 850–250-hPa layer-mean Venv (barbs as in Fig. 3) (TC Isaac removed using r0 5 28) and relative vorticity (an-

ticyclonic shaded according to the color bar in 31025 s21; cyclonic contoured in blue every 2.0 3 1025 s21 starting at 2.0 3 1025 s21) at

1200 UTC (a) 25 Aug and (b) 26 Aug 2012. The location of Isaac is marked with an X. The key synoptic-scale circulation features are

marked by unfilled shapes and symbols defined in Table 1. Vorticity inversion is used to compute the flow over Isaac induced by vorticity

within each unfilled shape. The red region covers the broad subtropical ridge over the western North Atlantic, the green region is for the

Caribbean Sea vorticity, the blue circle indicates the cyclonic vorticity associated with the PRE, and purple circle shows the cyclonic

vorticity associated with the upper-level trough. The near-storm vorticity asymmetry is measured by vorticity in the 28–48 radial band
indicated by the unfilled orange circles. The flow (m s21) associated with these synoptic circulation features for (c) 1200 UTC 25 Aug,

(d) 0000UTC 26Aug, and (e) 1200UTC 26Aug 2012 is shown. The actual TCmotion and sum of the contributions from all the circulation

features is also plotted in black and magenta, respectively.

3366 MONTHLY WEATHER REV IEW VOLUME 143



Gulf of Mexico making landfall over the southeast

Louisiana coast on 29 August. Diagnosis of the track

forecast error at 1200 UTC 26 August—the time in

which the forecasted TC motion departed from

observed—shows that the GFS forecast Venv was charac-

terized by a deep-layer westerly error that maximized at

;6ms21 at 600hPa (Fig. 14b). The Venv error vertically

integrated in the 850–250-hPa layer, defined here as

FIG. 11. (a) HURDAT (black line) and GFS (colored lines) track forecasts initialized at

0000 UTC 21 Aug–1 Sep 2012 for TC Isaac. The 0000 UTC positions are marked by filled

circles. (b) The mean absolute track error (km; solid black line) for the operational

GFS during 2012–14 in the North Atlantic, HFIP ‘‘baseline’’ track error (km; dashed

black line), sample size (gray bars), and absolute track error for GFS forecasts of Isaac

[same color convention as in (a)] initialized at 0000 UTC 21 Aug–25 Aug 2012. The error

bars represent the 90% confidence interval. Arrows represent the verifying time of

1200 UTC 26 Aug 2012 for the individual Isaac forecasts, using the same color convention

as in (a).
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Isaac’s steering layer,4 shows that the westerly steering

layer flow error was attributed to an anticyclonic circu-

lation error south of Isaac and a cyclonic circulation

error north of Isaac (Fig. 14c). The steering layer flow

error and 600-hPa geopotential height and Venv error

maps are in TC-relative coordinates, with the TC located

at the observed position and geography shown for scale

(Figs. 14c,d). The cyclonic circulation error north of

Isaac was associated with errors in the upper-level

trough over the eastern Gulf of Mexico and the west-

ward extension of the subtropical ridge. The upper-level

trough was too strong over the Gulf of Mexico and too

weak over the mid-Atlantic coast in the GFS forecast

(Figs. 14c,d). The anticyclonic circulation error south of

Isaac was associated with errors in the prediction of the

FIG. 12. As in Fig. 6, but for the (a) 120-, (b) 96-, (c) 72-, (d) 48-, and (e) 24-h GFS forecasts and (f) GFS analysis

verifying at 0000 UTC 26 Aug 2012. TC Isaac is marked by a red arrow.

4 Following themethodology of Galarneau andDavis (2013), the

steering layer for Isaac at 1200 UTC 26 August was defined as the

850–250-hPa layer using a TC removal radius (r0) of 28.
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PRE and its attendant low- to midlevel cyclonic vorticity.

The PRE was not predicted in the GFS forecast (Figs. 1b

and 13b), so its attendant cyclonic vorticity was absent as

Isaac approached the Straits of Florida on 26 August

(Figs. 14c,d).

The absence of the PRE in the GFS forecast was due,

in part, to the lack of a southeasterly tropical moisture

feed ahead of Isaac. The evolution of total column PW

in the GFS forecast showed the lack of a moisture surge

northwest of Isaac on 24 August (Fig. 15a). Total col-

umn PW values along the north side of Cuba exceeded

56mm at 1200 UTC 24 August in the GFS analysis,

compared to 44–48mm in the 60-h GFS forecast

(Figs. 3b and 15b). The disparity increased at 0000 UTC

25 August, with the GFS analysis showing PW values

over 60mm near the developing PRE, compared to 40–

44mm in the 72-h GFS forecast (Figs. 3c and 15c). In

addition to drier conditions in the PRE region northwest

of Isaac, the mid- and upper-level deformation zone and

frontogenesis was weaker and displaced northeast in the

forecast compared to the analysis (Figs. 7a and 16a). The

vertical cross section extending from Isaac northwestward

into the eastern Gulf of Mexico further illustrated how

the 850–400-hPa layer was drier and frontogenesis was

weaker in the GFS forecast compared to the analysis

northwest of Isaac (Figs. 7b and 16b). The low- tomidlevel

FIG. 13. As in Fig. 8, but for the (a) 108-, (b) 84-, (c) 60-, (d) 36-, and (e) 12-h GFS forecasts verifying at 1200 UTC 25

Aug 2012.
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PV anomaly (P) was also absent (Fig. 16c). In all, the

ingredients for heavy rainfall—tropical moisture and a

lifting mechanism—did not materialize in the GFS fore-

cast. The lack of a tropical moisture surge ahead of Isaac

in theGFS forecast appeared to be related to the strength

of the southeasterly flow over and northwest of Isaac.

The evolution of 700–500-hPa layer-mean c in the

GFS forecast and the verifying analysis for 0000 UTC

FIG. 14. (a) HURDAT (black line) and GFS (blue) track forecast initialized at 0000 UTC 22 Aug 2012 for TC Isaac.

The 0000 UTC positions are marked by circles and the 1200 UTC 26 Aug positions are marked by arrows. (b) TC Isaac

Venv (m s21; defined using r05 28) profile from theGFS analysis (black lines) and 108-hGFS forecast (red lines) verifying

at 1200UTC26Aug 2012. The u component is plotted using solid lines and the y component is plotted using dashed lines.

The zero contour is marked by the vertical green line. (c)GFS 108-h forecastVenv error (forecast2 analysis; arrows with

magnitude shaded according to the color bar in m s21 and the scale in top left) vertically averaged in the 850–250-hPa

steering layer verifying at 1200UTC 26Aug 2012. The anticyclonic circulation errors aremarked with anA, the cyclonic

circulation error is marked with a C with a dashed line indicating a trough axis, and TC Isaac is marked with an X.

(d) GFS 108-h forecast 600-hPa geopotential height (solid contours every 2 dam; analysis in black; forecast in blue),

height error (forecast 2 analysis; shaded according to the color bar in dam), and Venv error (forecast 2 analysis;

arrows in m s21, and the scale in top left) verifying at 1200 UTC 26 Aug 2012. The grids were shifted so the forecast

and observed TC was located in the same position in (c) and (d), so the geography is shown for scale only.
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24 August–1200 UTC 25 August is shown in Fig. 17. In

the 48- and 60-h GFS forecast, a cyclonic flow error

rapidly developed in the region of the subtropical ridge

over the western North Atlantic, while an anticyclonic

flow error developed over the northern Caribbean Sea

from Hispaniola to Cuba (Figs. 17a,b). These forecast er-

rors were indicative of a subtropical ridge that was too

weak north of Isaac, and a lack of cyclonic vorticity over

the northern Caribbean. The strength and structure of the

subtropical ridge at 1200 UTC 24 August was linked to

upstream extratropical cyclone development over the

southeastU.S. coast, with the 60-hGFS forecast predicting

weaker cyclone development compared to the verifying

analysis (Figs. 18a,b). The 700–500-hPa c errors in the

GFS forecast increased at 0000 and 1200 UTC 25 August,

with the weaker subtropical ridge and lack of PRE cy-

clonic vorticity resulting in weaker and backed easterly

flow compared to strong southeasterly flow northwest

of Isaac in the GFS analysis (Figs. 17c,d). By 1200 UTC

25 August, the cyclonic circulation associated with the

PRE intensified in the GFS analysis, but was absent in

the 84-h GFS forecast (Figs. 17d and 18c,d).

The lack of a northwestward moisture surge ahead of

Isaac was linked to a weaker subtropical ridge over the

western North Atlantic and a lack of cyclonic vorticity

development over the northern Caribbean. The weaker

subtropical ridge was linked to weaker upstream extra-

tropical cyclone development over the southeast U.S.

coast in the GFS forecast. The reduced meridional gra-

dient of relative vorticity north of Cuba led to flow

northwest of Isaac that was weaker and backed to more

easterly flow compared to the analysis. The GFS forecast

synoptic-scale flow errors interrupted PRE development

and attendant cyclonic vorticity amplification over the

Straits of Florida, which eliminated the binary interaction

(Figs. 18e,f) and easterly steering layer flow (Figs. 14b,c)

that acted tomove Isaac into theGulf ofMexico, resulting

in Isaac’s early recurvature and landfall over Florida.

5. Conclusions

The aim of this study was to examine the PRE that oc-

curred over the Straits of Florida ahead of North Atlantic

TC Isaac on 25 August 2012. The PRE produced over

100mm of rainfall between Cuba and Florida, with wide-

spread flooding documented over southern Florida (Berg

2013). Several studies in the literature have documented

the synoptic-scale conditions in which PREs developed

ahead of TCs. PREs developed as a plume of tropical

moisture moved ahead of the TC in conjunction with a

low-level jet and was forced to ascend along a baroclinic

zone in the equatorward entrance region of an upper-level

jet streak (e.g., Galarneau et al. 2010; Bosart et al. 2012;

Moore et al. 2013; Baek et al. 2013). The PRE ahead of TC

Isaac documented in this paper was unique compared to

previously documented PREs in that it occurred in the

oceanic subtropical latitudes and the bulk-upscale effect of

FIG. 15. As in Fig. 3, but for the (a) 48-, (b) 60-, and (c) 72-h GFS

forecasts initialized at 0000 UTC 22 Aug 2012.
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its deep convection altered the synoptic-scale environment

and steering flowof an approachingTC.ThePREhelped to

steer TC Isaac through the Straits of Florida into the eastern

Gulf of Mexico on 25–26 August, rather than recurve Isaac

over Florida. The inability of the 0000 UTC operational

GFS forecasts initialized prior to 25 August to accurately

represent the PRE, and as a result recurve Isaac over

Florida and the extreme eastern Gulf of Mexico, high-

lighted the difficult forecast challenge in anticipating how

the complex interaction between a PRE and its sur-

rounding environment will impact a TC approaching the

U.S. mainland.

Comparison of the synoptic-scale flow pattern of the

PREwith the classification byMoore et al. (2013) showed

that the IsaacPREmost resembled the southwesterly jet (SJ)

classification, except that the TC did not directly impact

the upper-level jet and influence the maintenance of the

PRE. The TC played an indirect role in PRE formation

and maintenance by supplying tropical moisture only,

much like PREs in the jet in ridge (JR) category, despite a

synoptic pattern that resembled the SJ category. The

character of the tropical moisture feed and lifting

mechanisms that organized the PRE also differed from

PREs documented in the midlatitudes. The tropical

moisture feed for the PRE ahead of Isaac was character-

ized by total column PW values over 60mm (Figs. 3b–d),

compared to more typical values of 50mm for the mid-

latitude SJ PREs documented in Moore et al. (2013, see

their Fig. 9f). The lifting mechanism for the PRE ahead of

Isaac also differed frommidlatitude SJ PREs, with weaker

frontogenesis and warm advection in the mid- and upper

troposphere and an absence of a coherent lifting mecha-

nism in the lower troposphere during PRE initiation [cf.

our Fig. 7b with Moore et al.’s (2013) Fig. 11].

The differences in moisture and synoptic-scale lift

between the Isaac PRE and typical midlatitude PREs

suggests that PREs over the oceanic subtropics may occur

in environments with more abundant tropical moisture

aswould be expected of amaritime tropical airmass over a

warm ocean. A systematic climatology of oceanic sub-

tropical PREs is needed to establish the significant envi-

ronmental differences between oceanic subtropical PREs

FIG. 16. (a)–(c) As in Figs. 7a–c, but for the 72-h GFS forecast verifying at 0000 UTC 25 Aug 2012.

3372 MONTHLY WEATHER REV IEW VOLUME 143



and midlatitude PREs. Implications for the increased

moisture and attendant reduced static stability for sub-

tropical PREs compared to midlatitude PREs are that

weaker lifting mechanisms are needed to aid in the de-

velopment of heavy rainfall and that the precipitation

efficiency is increased in the oceanic maritime tropical

air mass (e.g., Market et al. 2003; Gochis et al. 2015).

Another unique aspect of the PRE ahead of TC Isaac

was its impact on the synoptic-scale environment flow,

which influenced the track of TC Isaac on 25–27 August

while it threatened south Florida. Convectively driven

divergent outflow associated with the PRE contributed

to thinning and fracture of the upper-level trough over

Florida and the eastern Gulf ofMexico. The influence of

upper-level diabatically driven divergent outflow on PV

gradients has been well documented (e.g., Archambault

et al. 2013, 2015). From a more general perspective,

upper-level troughs (or PV streamers) are driven into

subtropical latitudes on the forward flank of anticyclonic

Rossby wave breaking (AWB) events (Martius et al.

2008). These PV streamers are stretched into long fila-

ments by increased deformation on the periphery of the

upstream anticyclone, and eventually fracture into cutoff

circulations (Wernli and Sprenger 2007). The fracture of

PV streamers can also be aided by convectively driven di-

vergent outflow from heavy-rain-producing convective

systems (e.g., Morgenstern and Davies 1999) bearing sim-

ilarity to the IsaacPRE, or developingTCs (e.g.,Galarneau

et al. 2015) on the southeast flank of the PV streamer.

Forecast errors in the structure and evolution of

synoptic-scale weather systems and their role in TC

track forecast errors are well documented (e.g., Carr and

Elsberry 2000; Majumdar et al. 2006; Wu et al. 2009;

Brennan and Majumdar 2011). Recent studies of track

forecasts for TC Sandy (2012) have also clearly shown

that deep convection in close proximity to the TC can

influence the synoptic-scale flow near the TC resulting in

large track errors (e.g., Torn et al. 2015; Bassill 2014,

2015; Munsell and Zhang 2014). Errors in convection on

the periphery of TC Sandy have been linked to initial

condition errors (Torn et al. 2015) and treatment of

convection by cumulus parameterizations (Bassill 2014,

2015). In the case of TCs Sandy and Isaac, errors in the

prediction of upper-level divergent outflow either by

FIG. 17. The 700–500-hPa layer-mean c (solid contours every 2.03 106m2 s21; GFS analysis in black; GFS forecast

in magenta) and GFS forecast c error (forecast2 analysis; shaded according to the color bar in3106m2 s21) for the

(a) 48-, (b) 60-, (c) 72-, and (d) 84-h GFS forecast initialized at 0000 UTC 22 Aug 2012.
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convection on the periphery of a TC (Torn et al. 2015) or

associated with a nearby PRE, and its impact on pre-

existing upper-level circulation features and generation/

amplification of low- to midlevel circulation features, can

have a large impact on theTC track.The impact of improved

representation of atmospheric water vapor in the near-

TC environment by assimilating observations from the

Continuously Operating Caribbean Global Positioning

System Observational Network (COCONet; Braun et al.

2012) on numerical forecasts of convection on the

FIG. 18. The 700–500-hPa layer-mean relative vorticity (anticyclonic shaded according to the color bar in31025 s21; cyclonic contoured

every 2.0 3 1025 s21 starting at 2.0 3 1025 s21) and wind vector (barbs as in Fig. 3) from the (a) GFS analysis and (b) 60-h GFS forecast

verifying at 1200 UTC 24 Aug, (c) GFS analysis and (d) 84-h GFS forecast verifying at 1200 UTC 25 Aug, and (e) GFS analysis and (f)

108-h GFS forecast verifying at 1200 UTC 26 Aug 2012. The PRE vorticity (P) and coastal extratropical cyclone (C) are marked by the

solid and dashed black ellipses, respectively. The flow north of Isaac at 1200 UTC 24 Aug 2012 is marked by the black arrow.
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periphery of TCs Isaac and Sandy may be a useful future

research initiative.

Systematic examination of the predictability and fore-

castability of PREs in the midlatitudes and subtropics in

operational numerical weather prediction models is a

logical next step in research on PREs that may have direct

applicability to operations. Given the relative rarity of

TCs and PREs compared to, for example, the occurrence

of drizzle, the use of a long time series of ensemble fore-

casts (termed ‘‘reforecasts’’) as recently developed by

NOAA (Hamill et al. 2013) may prove fruitful.
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