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ABSTRACT

This study investigates the composite extratropical flow response to recurving western North Pacific

tropical cyclones (WNP TCs), and the dependence of this response on the strength of the TC–extratropical

flow interaction as defined by the negative potential vorticity advection (PV) by the irrotational wind asso-

ciated with the TC. The 2.58NCEP–NCAR reanalysis is used to construct composite analyses of all 1979–2009

recurving WNP TCs and of subsets that undergo strong and weak TC–extratropical flow interactions.

Findings indicate that recurving WNP TCs are associated with the amplification of a preexisting Rossby wave

train (RWT) that disperses downstream andmodifies the large-scale flow pattern over NorthAmerica. This RWT

affects approximately 2408 of longitude and persists for approximately 10 days. Recurving TCs associated with

strong TC–extratropical flow interactions are associated with a stronger extratropical flow response than those

associated with weak TC–extratropical flow interactions. Compared with weak interactions, strong interactions

feature amore distinct upstream trough, stronger and broader divergent outflow associatedwith strongermidlevel

frontogenesis and forcing for ascent over and northeast of the TC, and stronger upper-level PV frontogenesis that

promotes more pronounced jet streak intensification. During strong interactions, divergent outflow helps anchor

and amplify a downstream ridge, thereby amplifying a preexisting RWT fromAsia that disperses downstream to

North America. In contrast, during weak interactions, divergent outflow weakly amplifies a downstream ridge,

such that a RWT briefly amplifies in situ before dissipating over the western-central North Pacific.

1. Introduction

Tropical cyclones (TCs) undergoing extratropical tran-

sition (ET), a change from a warm-core, axisymmetric

system to a cold-core, asymmetric system (e.g., Klein et al.

2000; Jones et al. 2003; Harr and Archambault 2015), may

significantly perturb their environment as they recurve

into the midlatitudes (e.g., McTaggart-Cowan et al. 2007;

Harr and Dea 2009; Cordeira and Bosart 2010). The

poleward and upward transport of low potential vorticity

(PV) air associated with TC recurvature tends to amplify

a ridge and intensify a jet streak along the meridional PV

gradient marking the jet stream (e.g., Agustí-Panareda
et al. 2004, 2005; Riemer et al. 2008; Riemer and Jones

2010; Cordeira 2011; Grams et al. 2013a; Archambault

et al. 2013).
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Ridge amplification and jet streak intensification are

enhanced by diabatic heating associated with the recurv-

ing TC (e.g., Atallah and Bosart 2003) and attendant

frontogenesis in its northeast quadrant (e.g., Torn 2010).

Above the level of maximum diabatic heating associated

with clouds and precipitation, PV is reduced in conjunc-

tion with diabatic vertical redistribution. In addition, the

divergent outflow generated by diabatic heating advects

low PV toward the PV gradient/jet stream (Archambault

et al. 2013, their Fig. 4).

Given a strong, continuous meridional PV gradient

(i.e., waveguide; Martius et al. 2010), ridge amplification

and jet streak intensification will excite or amplify a baro-

clinic Rossby wave train (RWT) that disperses eddy

kinetic energy downstream while initiating surface cy-

clogenesis downstream (e.g., Riemer et al. 2008; Harr

and Dea 2009; Keller et al. 2014). Thus, a recurving TC

may indirectly reconfigure the extratropical flow pattern

and influence the sensible weather thousands of kilome-

ters downstream within a few days (e.g., Archambault

et al. 2013, their Fig. 1).

On average, the North Pacific flow pattern becomes

significantly amplified for approximately four days fol-

lowing western North Pacific (WNP) TC recurvature

(Archambault et al. 2013).However, the extratropical flow

response to TC recurvaturemay range from amarked flow

amplification [e.g., with TC Oscar (1995); Archambault

et al. (2013), their Fig. 1;Harr andArchambault (2014)], to

a strengthened jet stream without substantial flow amplifi-

cation [e.g., with TC Jangmi (2008); Grams et al. (2013a,b)],

to little change in the flow pattern [e.g., with TC Opal

(1997); Harr and Elsberry (2000)]. Anticipating the

extratropical flow response to TC recurvature is crucial

given that flow amplification downstream of a recurving

TC may induce extreme weather (e.g., Cordeira and

Bosart 2010; Grams et al. 2011; Chaboureau et al. 2012;

Pantillon et al. 2014) and contribute to reduced mid-

latitude predictability (e.g., Harr et al. 2008; Anwender

et al. 2008; Reynolds et al. 2009; Keller et al. 2011;

Pantillon et al. 2013, 2014; Harr andArchambault 2015).

The primary factors influencing the downstream flow

response to TC recurvature are (i) the large-scale flow

pattern into which the TC is moving (e.g., Harr and Dea

2009; Riemer et al. 2008; Riemer and Jones 2010, 2014),

and (ii) the interaction between the TC and an extra-

tropical disturbance such as a trough or jet streak (e.g.,

Klein et al. 2002; Ritchie and Elsberry 2007; Riemer and

Jones 2010, 2014; Grams et al. 2013b; Keller et al. 2014).

Characteristics of the recurving TC, such as size and

intensity, are thought to be secondary factors (e.g., Harr

and Dea 2009; Archambault et al. 2013).

The large-scale extratropical flow pattern into which

a TC recurves varies by time of year and by ocean basin.

Compared with August–November, June and July are

relatively unfavorable for the North Pacific flow pattern

to become significantly amplified following WNP TC

recurvature (Archambault et al. 2013, their Fig. 15),

consistent with the tendency for the North Pacific

waveguide/jet stream to be relatively weak in June and

July compared with August–November. A compositing

study by Quinting and Jones (2014) indicates that,

whereas RWT activity is significantly above average

following WNP TC recurvature, it is not significantly

above average followingNorthAtlantic TC recurvature.

Based on case studies (e.g., Grams et al. 2011; Pantillon

et al. 2013, 2014), anticyclonic Rossby wave breaking

instead of Rossby wave dispersion may be more typical

followingNorthAtlantic TC recurvature, perhaps owing

to the climatologically short and weak waveguide/jet

stream over the North Atlantic compared with over the

North Pacific.

The large-scale extratropical flow response to TC

recurvature also depends on the interaction of the TC

with disturbances in the extratropical flow. The TC–

extratropical flow interaction, or phasing, can be con-

sidered favorable or unfavorable. An example of an

unfavorable phasing between the TC and extratropical

flow is the recurvature of WNP TC Jangmi (2008). As

the TC recurved into the base of a WNP trough, the jet

stream was enhanced downstream but Rossby wave

amplification and dispersion did not occur (Grams et al.

2013a,b). Through numerical modeling experiments,

Grams et al. (2013a) demonstrate that had TC Jangmi

recurved ahead of the trough rather than into the base of

the trough, a high-amplitude RWT likely would have

been induced. They find that the shift in TC position

required to discriminate between RWT and no-RWT

scenarios is only 130 km, which they note is the average

48-h TC position error for ensemble mean ECMWF

forecasts (Lang et al. 2012).

In a recent climatological study (Archambault et al.

2013), the top quintile of TC–extratropical interactions,

defined by the magnitude of negative PV advection by

the irrotational wind associated with the recurving TC, is

found to be associated with a sustained, highly statisti-

cally significant amplification of the North Pacific flow.

In contrast, the bottom quintile of TC–extratropical flow

interactions is found to be associated with a shorter-

lived, less statistically significant amplification of the

North Pacific flow. In the present study, the climato-

logical study of Archambault et al. (2013) is used as the

basis for a comprehensive composite analysis of the

extratropical flow response to WNP TC recurvature. In

particular, key synoptic–dynamic differences are illus-

trated between strong and weak TC–extratropical flow

interactions, which are important to understanding
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differences in the downstream extratropical flow re-

sponse to TC recurvature.

The remainder of this paper is organized as follows.

Section 2 describes the methodology. Section 3 presents

composite analyses of the midlatitude flow response to

recurving WNP TCs and compares composite analyses

of strong and weak TC–extratropical flow interactions

during WNP TC recurvature. Section 4 provides a dis-

cussion, and section 5 contains a summary and an

overview of future work.

2. Methodology

a. Recurvature-relative compositing methodology

To examine the extratropical flow response to recurv-

ing WNP TCs, all 292 recurving WNP TCs identified

during 1979–2009 from the JapanMeteorological Agency

best track dataset by Archambault et al. (2013) are com-

posited. Tropical cyclone recurvature is defined following

Archambault et al. (2013) as a change in TC heading from

westward to eastward as a TC moves poleward. The re-

curvature point corresponds to the most westward posi-

tion of the recurving TC. All recurving TCs are required

to be at tropical storm intensity or greater at the time of

recurvature (i.e., T 1 0h), and to eventually become ex-

tratropical (i.e., complete ET). The recurving TCs mainly

occur during May–December, with a peak in activity

during August–October. September has the highest in-

cidence of TC recurvature of any month, with 82 cases

identified in 31 years, a frequency of 2.6 yr21.

Composite analyses of the recurving WNP TCs are

constructed in a recurvature-relative framework. That is,

fields for each case are shifted such that the recurvature

point is collocated with the mean recurvature point at the

time of recurvature (T1 0h). As illustrated by a compar-

ison of conventional geography-relative and recurvature-

relative TC tracks (Figs. 1a,b), the recurvature-relative

framework reduces composite smearing that would arise

from the spatial variability of the recurving TC tracks

(Fig. 1a). The track variability partially reflects the in-

fluence of the time of year: BetweenMay and August, TC

recurvature shifts poleward as the North Pacific jet stream

weakens and shifts poleward, and thereafter shifts equa-

torward through December as the jet stream strengthens

and shifts equatorward (e.g., Archambault et al. 2013,

section 3e).

The 6-hourly 2.58 NCEP–NCAR reanalysis fields

(Kalnay et al. 1996; Kistler et al. 2001) are used to con-

struct the composite analyses. Although higher-resolution

reanalyses such as the 0.58 Climate Forecast System Re-

analysis (Saha et al. 2010) are available, theNCEP–NCAR

reanalysis is used for consistency with the Archambault

et al. (2013) climatology. As discussed in Archambault

et al. (2013, their section 2d), the 2.58 NCEP–NCAR re-

analysis is able to capture synoptic signatures of TC–

extratropical flow interactions.

The statistical significance of the composite fields with

respect to climatology is assessed using a two-sided

Student’s t test (e.g., Wilks 2006, see section 5.2.1).

The climatology is produced from 1979–2009 21-day

running means of recurvature-relative 2.58 NCEP–

NCAR reanalysis fields.

b. Interaction-relative compositing methodology

Composite analysis is used to compare the extratropical

flow response to strong and weak TC–extratropical

FIG. 1. RecurvingWNPTC tracks (2000–09 only;N5 101) forT2
48 to T1 72 h plotted in (a) geography-relative and (b) recurvature-

relative frameworks. The thick black curve denotes the composite

track of all recurving TCs (N5 292) for T2 48 to T1 72 h. The TC

symbol denotes the composite recurvature point (24.98N, 134.08E) for
all recurving TCs.

1124 MONTHLY WEATHER REV IEW VOLUME 143



flow interactions during WNP TC recurvature. For each

recurving TC, the strength of the interaction (i.e., the

interaction metric) is defined as the magnitude of the

spatially and temporally averaged 250–150-hPa layer-

averaged PV advection by the irrotational wind associ-

ated with the TC computed from 6-hourly 2.58 NCEP–

NCAR reanalysis (Archambault et al. 2013, their section

2d). The spatial (158 3 158) and temporal (48h) averaging

is centered on the point and time (i.e., T 1 0h), re-

spectively, of maximum interaction, which is defined as

the highest instantaneous magnitude of negative PV ad-

vection by the irrotational wind associated with the TC.

As noted by Archambault et al. (2013, their Fig. 5a) for

the case ofWNPTCOscar (1995) and by Cordeira (2011,

p. 111) for the case of WNP TC Dale (1996), the region

of strongest negative PV advection by the irrotational

wind generally tends to be closely aligned with the up-

stream edge of the TC cirrus shield. A point of maximum

interaction is not identified for 20 of the 292 recurving TC

cases because the negative PVadvection by the irrotational

wind associated with the TC never exceeds an arbitrary

threshold of 1PVUday21 (1PVU 5 106Kkg21m2 s21).

These cases are considered no-interaction cases. For the

remaining 272 recurving TC cases, those associated with an

interaction metric in the top quintile are categorized as

strong interactions (N5 54), whereas those associatedwith

an interaction in the bottom quintile are categorized as

weak interactions (N 5 54).

As discussed in Archambault et al. (2013, their section

2d), the negative PV advection by the irrotational wind is

useful for diagnosing the strength of the TC–extratropical

flow interaction because divergent outflow impinging

upon the PV waveguide/jet stream is a key signature of

Rossby wave amplification induced by a TC (e.g., Harr

et al. 2008; Riemer et al. 2008; Hodyss and Hendricks

2010; Pantillon et al. 2013, 2014; Grams et al. 2013a,b).

Ridge amplification and jet streak intensification

occur in conjunction with Rossby wave amplification

as the divergent outflow of the TC deforms PV con-

tours poleward and strengthens the PV gradient

(Archambault et al. 2013, their Fig. 4). The effects of

diabatic heating are included in this framework, as

upper-level low-PV air that arises from diabatic

heating is advected by diabatically driven divergent

outflow toward the waveguide/jet stream.

To examine strong and weak TC–extratropical flow

interactions, composites are constructed such that they

are centered on the point of maximumTC–extratropical

flow interaction. This ‘‘interaction-relative’’ framework

is used to maximize the sharpness of the composite

synoptic features associated with the TC–extratropical

flow interactions. To construct these composites, the 2.58
NCEP–NCAR fields for a given case are shifted such

that the point of maximum TC–extratropical flow in-

teraction is collocated with the mean point of maxi-

mum interaction (Fig. 2). The statistical significance of

the composite fields with respect to climatology is

evaluated using a two-sided Student’s t test. The cli-

matology is produced from 1979–2009 21-day running

means of interactive-relative 2.58 NCEP–NCAR re-

analysis fields.

For allWNPTCs undergoing recurvature, the point of

maximum interaction tends to be located approximately

68–148N of the TC center (Fig. 2). However, for strong

interaction cases the location of the mean point of

maximum interaction is significantly farther northward

(11.68 vs 8.18 latitude) and westward (21.18 vs 1.58 lon-
gitude) relative to the TC compared with weak in-

teraction cases (Fig. 2; Table 1).

The synoptic signatures and dynamics of strong and

weak TC–extratropical flow interactions are compared

using a variety of plan-view composite analyses pro-

duced at the time of maximum interaction (i.e., T1 0h).

The irrotational and nondivergent wind fields are com-

puted for each individual case prior to compositing. All

derived variables, including PV advection, Q vectors,

and Q-vector divergence (described subsequently in

section 2d), and PV frontogenesis1 [i.e., the rate of

change of the magnitude of the horizontal PV gradi-

ent; e.g., Davies and Rossa (1998), Cordeira (2011,

p. 105)], are computed on isobaric levels from the

composite fields.

c. Assessment of characteristic magnitudes of various
quantities for composite cases

Although useful for identifying common synoptic fea-

tures, composite analyses have limited utility in de-

termining the characteristic magnitudes of these features

(e.g., Archambault et al. 2008). To compensate for this

limitation, the maximum values of various quantities for

the individual cases that constitute the composites are

analyzed for strong and weak TC–extratropical flow in-

teractions. For each case, the maximum magnitude of

a given quantity in the NCEP–NCAR reanalysis is ob-

tained by searching within a 208 latitude 3 208 longitude
box centered on the point of maximum interaction.

Whether the mean of the maximummagnitude of a given

quantity is significantly different for strong versus weak

interactions is tested using a nonparametric two-sided

Wilcoxon–Mann–Whitney rank-sum test (e.g., Wilks

2006, section 5.3.1).

1 The PV frontogenesis is calculated by replacing potential

temperature with PV in the simplified 2D form of theMiller (1948)

frontogenesis equation [e.g., Novak et al. 2004, their Eq. (1)].
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d. Q-vector computation

To assess regions of frontogenesis and forcing for ver-

tical motion associated with recurvingWNP TCs, 700-hPa

Q vectors and Q-vector divergence, respectively, are

computed in pressure coordinates following Hoskins and

Pedder (1980), except that the nondivergent wind is used

instead of the geostrophic wind. In this formulation, the

Q vector describes the time rate of change of the vector

horizontal potential temperature gradient due to the

nondivergent wind. The convergence of Q vectors corre-

sponds to forcing for ascent, and the divergence of

Q vectors corresponds to forcing for descent.

The nondivergent wind is used instead of the geo-

strophic wind to compute Q vectors because it better

represents the balancedwind in curved flow and is better

suited for the subtropics where geopotential height

gradients are weak and the Coriolis parameter is small.

The Q vector is formulated in terms of the nondivergent

wind by Riemer et al. (2014), who employ the framework

of alternative balance (Davies-Jones 1991) to examine

forcing for vertical motion associated with cyclone de-

velopment downstream of recurving TCs. In addition, the

nondivergent wind is used to computeQ vectors in studies

ofNorthAtlantic tropical disturbances (McTaggart-Cowan

et al. 2008), North Pacific subtropical gyres (Molinari and

Vollaro 2012), and Northeast U.S. snowbands in winter

storms (Kenyon 2014).

To separate the temporal rates of change of the di-

rection and magnitude of the horizontal potential tem-

perature gradient, natural-coordinate partitioning of theQ

vector is performed following the methodology of Keyser

et al. (1988, 1992). The unit vector n is defined locally

based on the potential temperature gradient such that at

a point n is directed normal to an isentrope toward lower

potential temperature. The unit vector s is then defined as

orthogonal to n such that s is tangent to the isentrope with

lower potential temperature on the left. The unit vectors s

and n define a natural coordinate system (s, n) within

which the Q vector is partitioned into along- and across-

isentropic components (Qs and Qn, respectively, where

Qs 5 Qss and Qn 5 Qnn).

FIG. 2. Points ofmaximumTC–extratropical flow interaction plotted relative to the recurving

WNPTC at the time ofmaximum interaction for strong TC–extratropical flow interactions (red

diamonds; N 5 54), weak TC–extratropical flow interactions (blue circles; N 5 54), and in-

teractions classified as neither strong nor weak (purple triangles;N5 164). The large diamond

and circle represent the mean points of maximum TC–extratropical flow interaction for strong

and weak interactions, respectively.

TABLE 1. The means and standard deviations of the latitudinal

and longitudinal distance of the maximum TC–extratropical flow

interaction point from the recurving WNP TC at the time of

maximum interaction for strong (N 5 54) and weak (N 5 54) in-

teractions, and the differences between themeans of the strong and

weak interactions (degrees). The confidence levels for the signifi-

cance of the differences based on a two-sided Student’s t test are

given in parentheses.

Strong Weak

Difference

(confidence level)

11.68 6 3.18 lat 8.18 6 2.68 lat 13.58 lat (99.9%)

21.18 6 4.08 lon 1.58 1 7.08 lon 22.68 lon (97.8%)
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The scalar quantityQs quantifies the rate of rotation of

the potential temperature gradient by the nondivergent

wind such thatQs . 0 (Qs oriented with higher potential

temperature to the right) corresponds to counterclock-

wise rotation and Qs , 0 (Qs oriented with lower po-

tential temperature to the right) corresponds to clockwise

rotation. The scalar quantity Qn quantifies the rate of

change of the magnitude of the horizontal potential

temperature gradient by the nondivergent wind. In this

framework, Qn , 0 (Qn directed toward warm air) in-

dicates frontogenesis and Qn . 0 (Qn directed toward

cold air) indicates frontolysis.

The divergences ofQs and ofQn are also calculated to

evaluate along- and across-isentropic forcing, re-

spectively, for vertical motion. In a mature extratropical

cyclone, the divergence of Qs typically exhibits a dipole

pattern, whereas the divergence ofQn exhibits a banded

pattern (e.g., Keyser et al. 1992; Martin 2006).

3. Results

a. Extratropical flow response to recurving TCs

Recurvature-relative composite analyses of the upper-

level flow for all 1979–2009 recurving WNP TCs are dis-

played for T 2 72 to T 1 144h relative to recurvature

time at 36-h intervals (Fig. 3). Potential vorticity and

meridional wind anomaly fields are displayed at the

250-hPa level because this level best captures RWT ac-

tivity associated with recurving WNP TCs. At T 2 72h

(Fig. 3a), alternating positive and negative meridional

wind anomalies extend across Europe and Asia. These

meridional wind anomalies constitute two low-amplitude

RWTs within northern and southern PV waveguides,

respectively. The waveguides are most clearly separated

from each other at 608–1208E, near the Tibetan Plateau.

The signature of two RWTs in the composite may in part

reflect separately occurring northern- and southern-track

RWTs accompanying the summer–early fall and spring

and late fall cases, respectively.

By T2 36 h (Fig. 3b), the two RWTs appear to merge

over eastern Asia. At this time, the TC is moving pole-

ward toward the region between the leading ridge of the

RWT and the adjacent upstream trough. By T 1 0h

(Fig. 3c), the individual Rossby waves constituting the

RWT have amplified as the recurving TC begins to

merge with the western flank of the ridge. At T 1 36h

(Fig. 3d), the Rossby waves have further amplified, and

the RWT now extends across the entire North Pacific.

Between T 1 36 and T 1 144h (Figs. 3d–g), the RWT

disperses across the North Pacific and alters the flow

pattern over North America. A ridge is established by

T 1 72h over the eastern North Pacific (Fig. 3e). Thirty-

six hours later, at T 1 108h (Fig. 3f), a positively tilted

trough extends from central Canada through the In-

termountain West, whereas a downstream ridge extends

from the Tennessee Valley to theGulf ofMexico. AtT1
108 and T 1 144h (Figs. 3f,g), the meridional wind

anomalies over North America exhibit a positive tilt, in-

dicative of anticyclonic wave breaking and equatorward

Rossby wave dispersion.

FIG. 3. Recurvature-relative composite analyses of all re-

curving WNP TCs (N 5 292) at 36-h intervals for (a)–(g) T 2 72

to T1 144 h. Analyses show 250-hPa meridional wind anomalies

(shaded according to the color bar, m s21; enclosed by black

contours where significant at the 99% confidence level) and PV

(blue, every 1 PVU). The TC symbol denotes the composite TC

position, which is plotted for (a)–(f) T 2 72 to T 1 108 h. Solid

and dashed black lines denote subjectively identified 250-hPa

ridges and troughs, respectively.
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To summarize the characteristics of the RWT,

a Hovmöller diagram of 358–608N latitudinally averaged

250-hPa meridional wind anomalies is constructed

(Fig. 4). Consistent with Fig. 3, Rossby wave dispersion

from the longitudes of Europe and Asia to the longi-

tudes of the North Pacific and North America is evident

betweenT2 96 andT1 96h.Also consistent with Fig. 3,

Rossby wave amplification is occurring at the time of TC

recurvature. TheRWTexhibits an estimated zonal group

speed (cg) of 378day21 (32.1ms21) based on the peak

amplitude of the RWT, and 428day21 (36.5ms21) based

on the leading edge of the RWT. These speeds are

comparable to those of RWTs associated with individual

recurving WNP TCs [e.g., cg 5 408–508day21 for the

RWT associated with TC Malakas (2010); Archambault

(2011, p. 158)] and wintertime extratropical cyclones

[e.g., cg 5 308day21; Szunyogh et al. (2002)]. The Rossby

wave zonal phase speed is 68day21 (5.2ms21). According

to Fig. 4, recurving WNP TCs tend to be associated with

a statistically significant RWT that affects approximately

2408 of longitude and persists for approximately 10 days,

indicating a potentially important contribution by re-

curving TCs to Northern Hemispheric intraseasonal cli-

mate variability.

Based on the composite analysis of 1979–2009 recurving

WNP TCs, the tendency for the North Pacific upper-level

flow pattern to become significantly amplified following

WNP TC recurvature, documented previously by

Archambault et al. (2013), can be attributed to an RWT

arriving from Asia that amplifies in concert with TC re-

curvature and disperses downstream across the North

Pacific. Whether TC recurvature and RWT amplification

are dynamically linked or merely coincident is addressed

next in a comparison of the extratropical flow response to

strong and weak TC–extratropical flow interactions.

b. Extratropical flow response to strong versus weak
interactions

The extratropical flow response to strong TC–

extratropical flow interactions (i.e., recurving TCs asso-

ciated with strong negative PV advection by the irrota-

tional wind) is assessed by constructing interaction-relative

composite analyses of strong interactions at 36-h intervals

for T 2 72 to T 1 144h relative to the time of maximum

interaction (Fig. 5). For strong interactions, the average

time of maximum interaction is 31h after TC recurvature

(Archambault et al. 2013, section 4e).

At T 2 72h (Fig. 5a), two preexisting RWTs are

present over North and South Asia, similar to the

composite of all recurving WNP TCs 72h prior to re-

curvature (Fig. 3a). By T 2 36h, the two RWTs merge

into one RWT (Fig. 5b). This RWT then amplifies over

the WNP between T 2 36 and T 1 0h as the divergent

outflow of the recurving TC impinges upon the eastern

flank of an upstream positively tilted trough over eastern

China and the western flank of the adjacent downstream

ridge embedded in the PV waveguide (Figs. 5b,c). The

upstream trough and downstream ridge are nearly sta-

tionary between T 2 36 and T 1 36h (Figs. 5b–d),

suggesting that the divergent outflow associated with the

TC is acting to impede Rossby wave propagation.

Between T 1 0 and T 1 72 h, the RWT disperses

across the North Pacific to North America, resulting in

the development of a high-latitude ridge over western

North America (Figs. 5c–e). This ridge persists through

T 1 108 and T 1 144 h (Figs. 5f,g). Cyclonic wave

breaking is evinced by the overturning PV contours

over the high-latitude North Pacific and Alaska, up-

stream of the developing high-latitude ridge, at T 1 36

and T 1 72 h (Figs. 5d,e).

The extratropical flow response toweakTC–extratropical

flow interactions (i.e., recurving TCs associated with

weak negative PV advection by the irrotational wind)

is evaluated by constructing composite analyses of

FIG. 4. Recurvature-relative composite Hovmöller diagram
(08–608W) of the 358–608N averaged 250-hPa meridional wind

anomaly (shaded, m s21) for all recurving WNP TCs (N 5 292).

Thin (thick) black contours denote statistical significance at the

95% (99%) confidence level. The dashed and solid green arrows

indicate estimated zonal group speeds based on the leading edge

[cg 5 428 day21 (36.5 m s21)] and peak amplitude [cg 5 378 day21

(32.1 m s21)] of the RWT, respectively, whereas the yellow arrow

indicates the estimated Rossby wave zonal phase speed [cp 5
68 day21 (5.2 m s21)]. A reference latitude of 47.58N is used to

convert group and phase speeds from degree longitude per day to

meters per second. The TC symbol denotes the longitude of the

composite TC at recurvature.
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weak interactions at 36-h intervals for T 2 72 to T 1
36 h relative to the time of maximum interaction (Fig. 6).

The average time of maximum interaction during weak

interactions is 56h after recurvature (Archambault et al.

2013, their section 4e).

For weak interactions, at T 2 72h (Fig. 6a), no sig-

nature of amplified flow is apparent over Asia or the

North Pacific, but by T 2 36h (Fig. 6b), a ridge–trough

couplet in the waveguide has formed downstream of the

recurving TC over the western and central North Pacific.

Divergent outflow from the TC does not appear to be

influencing the waveguide at either T 2 72 or T 2 36h.

By T 1 0 h (Fig. 6c), however, weak divergent outflow

from the recurving TC impinges upon the eastern flank

of an upstream trough and western flank of the afore-

mentioned ridge (Fig. 6c). Note that the upstream

trough and downstream ridge–trough couplet together

constitute a weak RWT. By T1 36 h (Fig. 6d), the RWT

has weakened, with significant meridional wind anom-

alies only associated with the downstream ridge over the

central North Pacific. By T 1 72h, these meridional

wind anomalies have disappeared (not shown). In

summary, during weak interactions, a RWT briefly

amplifies in situ but soon dissipates over the western-

central North Pacific.

The formation of baroclinic surface cyclones is an im-

portant aspect of Rossby wave dispersion (e.g., Simmons

and Hoskins 1979; Hakim 2005) that has been speculated

to influence the strength of the downstream midlatitude

impact of TC recurvature (e.g., Riemer and Jones 2010).

To examine surface cyclone development downstream of

FIG. 5. Interaction-relative composite analyses of strong TC–

extratropical flow interactions (N 5 54) at 36-h intervals for (a)–(g)

T 2 72 to T 1 144 h. Analyses show 250-hPa meridional wind

anomalies (shaded according to the color bar, m s21; enclosed by

black contours where significant at the 99% confidence level), PV

(blue, every 1PVU), and irrotational wind (vectors, .2m s21). The

TC symbol denotes the composite TC position, which is plotted for

(a)–(d) T 2 72 to T 1 36 h. Solid and dashed black lines denote

subjectively identified 250-hPa ridges and troughs, respectively.

FIG. 6. As in Fig. 5, but for weak TC–extratropical flow in-

teractions (N5 54) for (a)–(d) T2 72 to T1 36 h. The TC symbol

denotes the composite TC position.
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recurving TCs during strong interaction cases, composite

analyses of precipitable water, sea level pressure, 1000–

500-hPa thickness, and 200-hPa wind speed are con-

structed at 48-h intervals surrounding the time of maxi-

mum interaction (Fig. 7).

Between T 2 48 and T 1 0h (Figs. 7a,b), a jet streak

intensifies poleward of the recurving TC as indicated by

the dramatic increase in the 200-hPa wind speed maxi-

mum from 40 to 70ms21. A downstream surface cyclone

forms in association with the jet intensification: a broad,

weak surface low over theBering Sea atT2 48h (Fig. 7a)

shifts westward while deepening from 1005 to 1001hPa

by T 1 0h (Fig. 7b) such that the cyclone is collocated

with the poleward exit region of the jet. By T 1 48h

(Fig. 7c), the surface low deepens further to 998hPa.

The development of the surface cyclone is consistent

with ongoing cyclonic wave breaking in the same region

(e.g., Fig. 5d).

Between T 1 0 and T 1 48h (Figs. 7b,c), warm air

advection over the Gulf of Alaska and northwestern

North America, inferred by the surface geostrophic

wind directed across the 1000–500-hPa thickness gradi-

ent toward lower thicknesses, increases as the surface

cyclone deepens. The warm air advection is consistent

with ridge amplification over western North America

evident in the strong interaction composite (Fig. 5). In

addition, the slight poleward surge of moisture over the

eastern Pacific atT1 48h (Fig. 7c) suggests that diabatic

heating associated with clouds and precipitation may

enhance ridge amplification.

For comparison with strong interactions, the same

analyses in Fig. 7 are constructed for the period sur-

rounding weak interactions (not shown). In contrast to

strong interactions, downstream surface cyclone de-

velopment is not evident during weak interactions. The

lack of a downstream cyclone development may partially

explain why the downstream impact of weak interactions

is less than of strong interactions.

c. Synoptic signatures of strong versus weak
interactions

The key synoptic signatures of strong and weak TC–

extratropical flow interactions at the time of maximum

interaction are illustrated in Figs. 8a and 8b, respectively.

The upper-level features are displayed at 200hPa because

the TC–extratropical flow interaction is best defined at

this level. For both types of interactions, 500-hPa ascent is

located over and northeast of the recurving TC on the

leading edge of a poleward-directed moisture plume

that features precipitable water values of at least 45mm.

The northeastward displacement of ascent relative to the

center of the TC is characteristic of a TC undergoing ET

and likely reflects the slantwise ascent of air parcels within

a nascent warm conveyor belt (e.g., Klein et al. 2000;

Grams et al. 2013a). The ascent is collocated with the

equatorward entrance region of an anticyclonically

curved jet streak indicated by a 200-hPa wind speed

maximum. Divergent outflow associated with the TC

impinges upon the eastern flank of an upstream, positively

tilted trough and the western flank of a downstream ridge

embedded in the PVwaveguide. The ascent and divergent

outflow associated with the TC act to reinforce the ascent

and cross-PV contour flow that are typical of a jet en-

trance region.

Subtle differences exist in the configurations of the

extratropical flow pattern relative to the recurving TC

for strong and weak TC–extratropical flow interactions

at the time of maximum interaction. During strong in-

teractions, the recurving TC is situated downstream of

FIG. 7. Interaction-relative composite analyses of strong TC–

extratropical flow interactions (N 5 54) for (a) T 2 48, (b) T 1 0,

and (c) T 1 48 h. Analyses show total-column precipitable water

(shaded according to grayscale,mm), sea level pressure (black, every

4 hPa), 1000–500-hPa thickness (dashed red, except dashed blue for

values,540 dam; every 6 dam), and 250-hPa wind speed (solid blue,

every 10m s21 starting at 20m s21). The TC symbol denotes the

composite TC position, which is plotted for (a) T 2 48 and (b) T 1
0 h. The ‘‘L’’ symbol denotes the location and minimum sea level

pressure (hPa) of a downstream surface cyclone.
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a relatively strong and broad PV trough (Fig. 8a),

whereas during weak interactions the recurving TC is

closer to the base of a relatively weak and narrow PV

trough (Fig. 8b). As shown previously in Fig. 2, for

strong interactions, the point where the divergent out-

flow impinges most strongly on the PV gradient (i.e., the

point of maximum interaction) is north and slightly west

of the TC center (Fig. 8a), whereas during weak in-

teractions, this point is less far north and is slightly east

of the TC (Fig. 8b). Of interest is that strong interactions

may be analogous to the extratropical reintensification

scenario associated with recurving TCs encountering

a ‘‘northwest’’ midlatitude circulation pattern docu-

mented by Harr et al. (2000): in their compositing study,

Harr et al. (2000) find that TCs recurving ahead of an

upstream midlatitude trough (a northwest pattern) are

favored to reintensify as extratropical cyclones. In con-

trast, the position of the TC center near the base of

a trough during weak interactions is reminiscent of

scenarios in which a recurving TC dissipates before

completing ET [e.g., the case of TC Jangmi (2008) de-

scribed in Grams et al. (2013b) and the idealized sce-

narios of Ritchie and Elsberry (2007)].

From a composite analysis perspective, the ascent,

moisture plume, divergent outflow, and jet streak asso-

ciated with the recurving TC are all greatly enhanced for

strong interactions relative toweak interactions (Figs. 8a,b).

These apparent differences are corroborated by an

analysis of the maximum magnitudes of various quanti-

ties for the individual cases in each composite (Table 2).

Relative to weak interactions, strong interactions feature

significantly larger negative PV advection by the irrota-

tional wind (by definition), stronger ascent coinciding

with higher precipitable water values, and stronger irro-

tational and total wind speeds.

d. Dynamics of strong versus weak interactions

To assess midlevel frontogenesis and forcing for as-

cent, 700-hPa Q vectors and Q-vector divergence are

evaluated using natural-coordinate partitioning at the

time of maximum interaction for strong (Figs. 9a,c,e)

and weak (Figs. 9b,d,f) interactions. The Q-vector pat-

terns are generally similar for both types of interactions.

In both the strong and weak interaction composites

(Figs. 9a,b), Q vectors exhibit an eastward-directed

component across a trough and a westward-directed

component across a downstream ridge. This Q-vector

pattern corresponds to Q-vector convergence (i.e.,

forcing for ascent) on the eastern flank of the trough and

western flank of the ridge. The region of forcing for as-

cent closely aligns with midlevel ascent for both strong

interactions (cf. Fig. 9a and Fig. 8a) and weak in-

teractions (cf. Fig. 9b and Fig. 8b).

Some crucial differences in the Q vector and Q-vector

divergence patterns between strong and weak inter-

actions are apparent. During strong interactions, Q vec-

tors are substantially larger than during weak interactions

(cf. Figs. 9a,b). In addition, Q-vector convergence

northeast of the TC and just ahead of a 700-hPa trough

is more expansive and stronger for strong interactions

than for weak interactions, which is consistent with the

stronger midlevel ascent and corresponding stronger

FIG. 8. Interaction-relative composite analyses showing (a) strong (N 5 54) and (b) weak (N 5 54) TC–

extratropical flow interactions at the time ofmaximum interaction.Analyses show 500-hPa ascent (dashed green, every

23 1023 hPa s21, negative values only), total-column precipitable water (shaded according to grayscale, mm), 200-hPa

PV (blue, every 1 PVU), irrotational wind (vectors,.2m s21; purple vectors,.8m s21), negative PV advection by the

irrotational wind (dashed red, every 2 PVUday21 starting at22 PVUday21), and total wind speed (shaded according

to color bar, m s21). The star denotes the point of maximum interaction. The TC symbol denotes the composite TC

position.
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divergent outflow associated with strong interactions

than with weak interactions (Fig. 8 and Table 2). The

maximum magnitudes of Q vectors and the maximum

values of Q-vector convergence tend to be larger for

strong interactions than for weak interactions (Figs. 10a,b,

respectively).

TheQ-vector signatures are investigated inmore detail

in composite analyses of Qs vectors and Qs-vector di-

vergence (Figs. 9c,d), and Qn vectors and Qn-vector di-

vergence (Fig. 9e,f). During strong interactions (Fig. 9c),

theQs-vector pattern favors counterclockwise rotation of

isotherms over and poleward of the TC, where Qs . 0,

and favors clockwise rotation farther downstream, where

Qs , 0. Such a Qs-vector pattern indicates amplification

of a thermal ridge (e.g., Martin 1999, 2006). A meridio-

nally elongated region of Qs-vector convergence associ-

ated with forcing for ascent is evident just downstream of

the trough axis in the geopotential height field.

During weak interactions (Fig. 9d), the patterns ofQs

vectors and Qs-vector divergence are similar to the

strong interaction composite (Fig. 9c), but less pro-

nounced. The Qs-vector pattern indicates weak thermal

ridge amplification and is associated with a smaller re-

gion ofQs-vector convergences, indicating lessQs-vector

forcing for ascent and associated divergent outflow dur-

ing weak interactions than strong interactions. Consistent

FIG. 9. Interaction-relative composite analyses for (a),(c),(e) strong (N 5 54) and (b),(d),(f) weak (N 5 54)

TC–extratropical flow interactions at the time of maximum interaction. Analyses show 700-hPa Q (vectors,

.2 3 10211 Km21 s21), divergence of Q (shaded according to color bar, 10216 Km22 s21), geopotential height

(solid blue, every 3 dam), and temperature (dashed red, every 38C). The TC symbol denotes the composite TC

position. In (c),(d) Qs and (e),(f) Qn instead of Q are displayed and used to compute the divergence of Q.
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with the signatures in Figs. 8c,d, the maximum magni-

tudes ofQs vectors and the maximum values ofQs-vector

convergence are smaller than for strong interactions

(Figs. 10a,b, respectively).

During strong interactions (Fig. 9e), frontogenesis is

indicated by large Qn vectors pointing toward warm air

in a broad region extending eastward from the trough

axis to the crest of the downstream ridge in the geo-

potential height field. The region of Qn-vector conver-

gence over and northeast of the TC along the eastern

flank of the trough indicates frontogenetical forcing for

ascent, which is consistent with the formation of a warm

front and warm conveyor belt in the northeast quadrant

of a TC as it undergoes the transformation stage of ET

(e.g., Klein et al. 2000; Harr and Elsberry 2000). During

weak interactions (Fig. 9f), weak frontogenesis is in-

dicated by small Qn vectors pointing toward warm air

along the eastern flank of the trough. The region of

Qn-vector convergence is small, indicating little fronto-

genetical forcing for ascent. As indicated by Figs. 9e,f,

the maximum magnitudes of Qn vectors and the maxi-

mum values of Qn-vector convergence both tend to

be smaller than those for strong interactions (Figs. 10a

and 10b, respectively).

For both strong and weak interactions, the maximum

value of Qn-vector convergence tends to be larger than

that of Qs-vector convergence (Fig. 10b). These differ-

ences are statistically significant at the 99% confidence

level (not shown). The composite analysis of strong in-

teractions fits with these findings (cf. Figs. 9c and 9e), but

the composite analysis of weak interactions would sug-

gest that the composite maximum value of Qn-vector

convergence is smaller than the composite maximum

value ofQs-vector convergence (cf. Figs. 9d and 9f). This

incongruity illustrates the risk of inferring the maximum

magnitude of a quantity based on a composite mean

TABLE 2. The means and standard deviations of the maximum values of various quantities for strong (N5 54) and weak (N5 54) TC–

extratropical flow interactions at the time of maximum interaction. The differences between strong and weak interactions for each

quantity are significant at the 99.9% confidence level based on a two-sided Wilcoxon–Mann–Whitney rank-sum test.

Strong Weak

250–150-hPa layer-averaged negative PV advection by

irrotational wind (PVUday21)

29.5 6 2.1 23.4 6 1.5

500-hPa ascent (hPa s21) 27.7 6 2.9 3 1023 24.6 6 1.9 3 1023

Total-column precipitable water (mm) 66.4 6 8.1 60.0 6 8.4

250–150-hPa layer-averaged irrotational wind speed (m s21) 10.6 6 2.3 6.1 6 1.8

200-hPa total wind speed (m s21) 80.4 6 11.7 58.8 6 13.1

FIG. 10. The means (bars) and standard deviations (whiskers) of (a) the maximum magnitudes ofQ,Qs, andQn

(10211 Km21 s21) and (b) the maximum values of the convergence of Q, Qs, and Qn (10
216 Km22 s21) at 700 hPa

for strong (N5 54) and weak (N5 54) TC–extratropical flow interactions at the time of maximum interaction. The

differences between strong and weak interactions for each quantity are significant at the 99.9% confidence level

based on a two-sided Wilcoxon–Mann–Whitney rank-sum test.
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rather than on themean of themaximummagnitudes for

the cases constituting the composite.

The Q-vector analysis described above can be

compared with that of Harr and Elsberry (2000), who

employed natural-coordinate Q-vector partitioning

to examine two kinds of WNP ET cases: one where

an ex-TC [David (1997)] undergoes extratropical re-

intensification, and the other where an ex-TC [Opal

(1997)] decays. While theQn-vector patterns for the two

ex-TCs are similar, theQs-vector pattern favors thermal

wave amplification in advance of David, but does not

favor thermal wave amplification in advance of Opal.

Harr and Elsberry (2000) interpret the Qs-vector

patterns as indicative of favorable and unfavorable

phasing, respectively, between the TC and the extra-

tropical flow that contributes to the extratropical re-

intensification of David and to the decay of Opal. The

differences between Qs-vector patterns for strong and

weak TC–extratropical flow interactions shown here

thus resemble the differences between Qs-vector pat-

terns for extratropical reintensification and decay sce-

narios of ET described by Harr and Elsberry (2000).

The propagation of the upstream trough and amplifi-

cation of the downstream ridge in the vicinity of the

recurving TC are explored for strong and weak TC–

extratropical flow interactions in the context of PV ad-

vection (Fig. 11). In the strong interaction case, negative

PV advection upstream of the trough axis and positive

PV advection downstream of the trough axis serve to

propagate the trough eastward (Fig. 11a). However, the

magnitude of the positive PV advection is reduced com-

pared with that of negative PV advection, suggesting that

the propagation of the trough is being impeded along its

eastern flank. In addition, the presence of a small region

of negative PV advection within the downstream ridge

indicates amplification of the ridge.

To examine the roles of the nondivergent and irrota-

tional wind in trough propagation and ridge amplifi-

cation, analyses are produced of the negative PV

advection by the nondivergent wind and irrotational

wind (Figs. 11c and 11e, respectively). It is found that

negative PV advection by the irrotational wind along the

eastern flank of the trough and western flank of the ridge

(Fig. 11e) strongly opposes positive PV advection by the

nondivergent wind (Fig. 11c), resulting in a maximum

value of positive PV advection by the total wind that is

only 55% of the maximum value of positive PV advec-

tion by the nondivergent wind (Table 3). Thus, the di-

vergent outflow impedes the forward progression of the

trough, allowing the downstream ridge to remain in

place (i.e., become anchored). In addition, the negative

PV advection by the irrotational wind within the ridge

on its western side promotes an amplification of the

ridge. Therefore, the divergent outflow is critical to

countering propagation by the nondivergent wind and

serves to anchor and amplify the ridge during strong

interactions.

During weak interactions, the magnitudes of the

negative and positive PV advection by the full wind

about the trough axis are comparable (Fig. 11b), in-

dicating that the eastward propagation of the trough is

not being severely impeded. Indeed, the PV advection

by the irrotational wind (Fig. 11f) on the eastern flank of

the trough and western flank of the ridge only weakly

opposes the positive PV advection by the nondivergent

wind (Fig. 11d), resulting in amaximumvalue of positive

PV advection by the total wind that is 79% of the

maximum value of positive PV advection by the non-

divergent wind (Table 3). In addition, negative PV ad-

vection by the irrotational wind does not appear to

contribute to ridge amplification. Based on these PV

advection analyses, it is therefore inferred that the di-

vergent outflow associated with the TC is substantially

more important in hindering trough propagation and

contributing to ridge anchoring and amplification during

strong interactions than during weak interactions.

Potential vorticity frontogenesis by the total, non-

divergent, and irrotational wind is examined for strong

and weak TC–extratropical flow interactions (Fig. 12) to

diagnose jet streak intensification. Because PV fronto-

genesis is computed over an isobaric layer from the

horizontal wind only, neither vertical motion nor non-

conservative effects are considered in the calculation.

The composite analysis indicates that for both strong

interactions (Fig. 12a) and weak interactions (Fig. 12b),

the overlap of PV frontogenesis with the strongest PV

gradient [i.e., .1PVU (100km)21] and the entrance

region of the jet streak (Figs. 8a,b) supports jet streak

intensification. However, PV frontogenesis in the strong

interaction composite analysis (Fig. 12a) is more pro-

nounced than in the weak interaction composite analysis

(Fig. 12b), and the maximum magnitudes of PV front-

ogenesis by the total, nondivergent, and irrotational

wind are all larger during strong interactions than during

weak interactions (Fig. 13).

During strong interactions, based on the overlap of PV

frontogenesis with the strongest PV gradient, the irrota-

tional wind is at least as important as the nondivergent

wind in intensifying the jet streak (cf. Figs. 12e and 12c).

This finding is consistent with the finding by Cordeira

(2011, p. 108) that during the recurvature of WNP TC

Dale (1996), a strong interaction case (Archambault et al.

2013, their Table 2), the irrotational wind is critical to PV

frontogenesis associated with the intensification of

a 110ms21 jet streak. In contrast, for weak interactions,

the nondivergent wind is more important than the
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irrotational wind in jet streak intensification (cf. Figs. 12d

and 12b), with the irrotational wind appearing to con-

tribute to a slight weakening of the jet streak (Fig. 12f).

Therefore, during strong interactions, divergent outflow

plays a more prominent role in intensifying the jet streak

than during weak interactions.

4. Discussion

The tendency for a preexisting RWT to amplify and

migrate downstream in association with the recurvature

of a WNP TC corroborates findings of a recent clima-

tology (Archambault et al. 2013), case studies (e.g., Harr

and Dea 2009; Reynolds et al. 2009; Anwender et al.

2010; Grams et al. 2013b), and idealized modeling

studies (e.g., Riemer et al. 2008; Riemer and Jones 2010)

that recurving WNP TCs are often associated with ex-

tratropical flow amplification. To the authors’ knowl-

edge, the present study is the first to demonstrate from

a composite perspective that recurving WNP TCs are

associated with the amplification of a preexisting RWT

that disperses downstream and alters the large-scale

flow pattern over North America.

The TC–extratropical flow interaction during TC re-

curvature can be characterized based on the negative

FIG. 11. Interaction-relative composite analyses for (a),(c),(e) strong (N5 54) and (b),(d),(f) weak (N5 54) TC–

extratropical flow interactions at the time of maximum interaction. Analyses show 250–150-hPa layer-averaged PV

advection (shaded according to color bar, PVUday21), PV (contours, every 2 PVU), and wind (vectors, m s21). The

TC symbol denotes the composite TC position. In (a),(b) the total and (c),(d) the nondivergent wind are used to

compute PV advection and are plotted for values .18m s21, whereas in (e),(f), the irrotational wind is used to

compute PV advection and is plotted for values .2m s21.
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PV advection by the irrotational wind associated with

the TC (Archambault et al. 2013). In this framework,

strong interactions are associatedwith a preexistingRWT

that amplifies in conjunction with downstream baroclinic

cyclogenesis and initiates large-scale flow anomalies

downstream over North America. On the other hand,

weak interactions are associated with a RWT that briefly

amplifies in situ but dissipates prior to reaching North

America. Therefore, consistent with Archambault et al.

(2013), the downstream amplification of the extratropical

flow pattern following TC recurvature is sensitive to the

strength of the TC–extratropical flow interaction.

The dynamical connection between divergent outflow

impinging upon the PV waveguide and Rossby wave

amplification highlighted by this study is consistent with

previous findings that the negative PV (or negative ab-

solute vorticity) advection by the irrotational wind acts

as aRossbywave source (e.g., Sardeshmukh andHoskins

1988; Riemer et al. 2008; Riemer and Jones 2010; Hodyss

and Hendricks 2010). The PV framework used to di-

agnose Rossby wave amplification and dispersion in this

study is complementary to the energetics framework

used to diagnose downstream baroclinic development

(Orlanski and Sheldon 1995) associated with Rossby

wave dispersion following WNP extratropical cyclogen-

esis (e.g., Hakim 2003; Danielson et al. 2006) and TC

recurvature (e.g., Harr and Dea 2009; Cordeira and

Bosart 2010; Keller et al. 2014).

The finding that the downstreamflow response to strong

TC–extratropical flow interactions is stronger than for

weak interactions is consistent with the tendency for strong

interactions to be associated with stronger dynamics.

Strong interactions are associated with a more distinct

upstream trough associated with a preexisting RWT mi-

grating fromAsia, strongermidlevel forcing for ascent and

frontogenesis, stronger upper-level PV frontogenesis and

jet intensification, and more distinct downstream cyclone

development. These findings are consistent with previous

findings that compared with weak interactions, strong in-

teractions tend to occur later in the primary recurving TC

season (24 September vs 18 August; Archambault et al.

2013) when the WNP is characterized by enhanced

baroclinicity and features stronger and more frequent

midlatitude troughs.

The tendency for strong interactions to exhibit

stronger ascent in conjunction with stronger and

broader divergent outflow than weak interactions is

consistent with the tendency for strong interactions to be

associated with larger and more intense TCs at recur-

vature than weak interactions noted by Archambault

et al. (2013, their section 4e). Compared with smaller

and weaker TCs, larger and more intense TCs are more

resilient to strong vertical wind shear as they recurve,

and tend to generate larger total vertical mass flux in

strong vertical wind shear in conjunction with heavier

precipitation, stronger diabatic heating, and stronger

upper-level divergence (Davis et al. 2008).

This study indicates that, in a composite sense, di-

vergent outflow associated with the TC facilitates favor-

able phasing of the TC with the extratropical flow pattern

by anchoring and amplifying a downstream ridge while

hindering the eastward propagation of an upstream

trough. This finding corroborates previous case studies

(e.g., Grams et al. 2013a,b; Pantillon et al. 2014) indicating

that the anchoring and amplification of a downstream

ridge by the divergent outflow is intrinsic to ET. Based on

the composite analysis of strong TC–extratropical flow

interactions, the collocation of the ascent and outflowwith

the equatorward entrance region of the jet stream in-

dicates that the divergent circulation acts to reinforce the

ascent and cross-PV contour flow that characterize a jet

entrance region. Strong interactions are hypothesized to

represent a synergistic coupling between the recurving TC

and the extratropical flow that in some instances helps

maintain the divergent circulation of the TC, thus poten-

tially mitigating the decay of the poleward-moving TC as

it encounters lower sea surface temperatures and strong

vertical wind shear. This synergistic coupling between the

TC and extratropical flow is similar to that noted by

Bosart and Lackmann (1995) for the case of Atlantic TC

David (1979). In the case of David (1979), diabatic ridge

amplification shortens the half wavelength between the

upstream trough and downstream ridge, thereby en-

hancing differential cyclonic vorticity advection over the

TABLE 3. The means and standard deviations of the maximum values of the 250–150-hPa layer-averaged positive PV advection by the

total wind and by the nondivergent wind, respectively, and the ratios between the means, for strong (N 5 54) and weak (N 5 54) TC–

extratropical flow interactions at the time of maximum interaction. The differences between strong and weak interactions for each

quantity are significant at the 99.9% confidence level based on a two-sided Wilcoxon–Mann–Whitney rank-sum test.

Strong Weak

Positive PV advection by total wind (PVUday21) 8.4 6 3.6 7.0 6 4.8

Positive PV advection by nondivergent wind (PVUday21) 15.4 6 4.1 8.9 6 4.1

Positive PV advection by total wind

Positive PV advection by nondivergent wind
0.55 0.79
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system and contributing to its reintensification. The key

dynamical role of divergent outflow in facilitating favorable

phasing of the TC with the extratropical flow has been

noted in case studies of TCs such as WNP TC Dale

(Cordeira 2011, 102–112), North Atlantic TC Sandy (2012;

Galarneau et al. 2013; Pantillon et al. 2014), and south In-

dian TC Edisoana (1990; Griffin and Bosart 2014), but has

not been previously demonstrated in a composite sense.

Although the downstream extratropical flow response

to recurving TCs is found to be highly sensitive to the

strength of the TC–extratropical flow interaction, it

should be recognized that a strong interaction is not

necessarily sufficient to induce a sustained, spatially

extensive RWT response. Since equatorward Rossby

wave dispersion via anticyclonic wave breaking is hy-

pothesized to be favored where the waveguide/jet

stream is weak, terminates abruptly, or exhibits a split-

flow pattern, the presence of such flow configurations

over the central or eastern North Pacific may limit the

downstream flow response to WNP TC recurvature and

FIG. 12. Interaction-relative composite analyses for (a),(c),(e) strong (N 5 54) and (b),(d),(f) weak (N 5 54)

TC–extratropical flow interactions at the time of maximum interaction. Analyses show 250–150-hPa layer-

averaged PV frontogenesis [shaded, PVU (100 km)21 day21], PV (blue contours, every 2 PVU), PV gradient

magnitude [black contours, every 0.5 PVU (100 km)21 starting at 0.5 PVU (100 km)21], and wind (vectors,

m s21). The black dot denotes the location of the maximum PV gradient magnitude, and the TC symbol denotes

the composite TC position. In (a),(b) the total and (c),(d) the nondivergent wind are used to compute PV

frontogenesis and are plotted for values.18 m s21, whereas in (e),(f), the irrotational wind is used to compute PV

frontogenesis and is plotted for values .2m s21.
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therefore limit the potential for a recurving TC to in-

fluence the flow pattern over North America.

5. Summary and future work

This study uses composite analysis to explore synoptic–

dynamic factors underpinning the statistical relationships

between WNP TC recurvature and North Pacific flow

amplification documented by Archambault et al. (2013).

Composite analyses of all 1979–2009 recurving WNP TCs

reveal that, on average, the extratropical flow amplifies

over the North Pacific and North America following TC

recurvature. This flow amplification is associated with

a preexisting RWT migrating from Asia that amplifies

over theWNP as the TC recurves and subsequentlymoves

downstream across North America and reaches the Gulf

of Mexico. This RWT traverses approximately 2408 of

longitude and lasts approximately 10 days.

Composite analyses of strong TC–extratropical flow

interactions, objectively defined by the negative PV

advection by the irrotational wind associated with the

TC, indicate that a preexisting RWT arriving from Asia

is amplified by the TC–extratropical flow interaction.

The RWT then disperses downstream across the North

Pacific to North America. As a result, a high-latitude

ridge is established over western North America. The

composite analyses of weak TC–extratropical flow in-

teractions indicate the presence of a weak RWT that

develops in situ but decays prior to reaching North

America.

A comparison of composite analyses of strong and

weak TC–extratropical flow interactions at the time of

maximum interaction (i.e., the maximum negative PV

advection by the irrotational wind associatedwith the TC)

reveals distinct differences between the two types of in-

teractions. Compared with weak interactions, strong in-

teractions feature strongermidlevel forcing for ascent and

frontogenesis in a moister environment that is collocated

with a region of stronger midlevel warm conveyor belt-

like ascent over and northeast of the recurving TC. Ad-

ditionally, strong interactions tend to feature stronger and

broader divergent outflow associated with more pro-

nounced upper-level PV frontogenesis and jet streak

intensification.

The findings of this study suggest a variety of avenues

for future research. One opportunity is to examine the

variability, as opposed to simply the mean, of the ob-

served extratropical flow response to WNP TC recur-

vature for all recurving TC cases and for strong and

weak interaction cases. This analysis could be per-

formed using the clustering technique that Harr et al.

(2008) and Anwender et al. (2008) developed to define

ensemble forecast scenarios of the extratropical flow

during TC recurvature and ET.

The association between recurving WNP TCs and the

onset of flow anomalies downstream over North America

motivates a comprehensive assessment of whether an in-

creased risk of high-impact weather is present over North

America following the recurvature of a WNP TC. For

example, the onset of a trough over centralNorthAmerica

following WNP TC recurvature indicated by the compos-

ite analysis of all recurving WNP TCs suggests a possible

connection between recurving TCs and outbreaks of se-

vere convection over the U.S. central plains. Furthermore,

the signature of high-latitude ridge amplification in the

strong interaction composite indicates a possible link be-

tween recurvingWNPTCs andhigh-latitude blocking over

western North America.

The signature of an RWT reaching the Gulf of

Mexico in the composite analysis of all 1979–2009

recurving WNP TCs indicates that recurving WNP

TCs could indirectly influence the behavior of North

Atlantic TCs. For example, surrounding the TC–

extratropical flow interaction of recurving WNP TC

Malakas in September 2010 in which an RWT ampli-

fied and subsequently traveled downstream to North

America (Archambault 2011, p. 158), numerical model

forecasts of the downstream flow pattern over the sub-

tropical North Atlantic were characterized by large

FIG. 13. The means (bars) and standard deviations (whiskers) of

themaximum250–150-hPa layer-averaged PV frontogenesis by the

total, nondivergent, and irrotational wind, respectively, for strong

(N 5 54) and weak (N5 54) TC–extratropical flow interactions at

the time of maximum interaction. The differences between strong

and weak interactions for each quantity are significant at the 99.9%

confidence level based on a two-sided Wilcoxon–Mann–Whitney

rank-sum test.
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errors, causing National Hurricane Center forecasters

difficulty in predicting the genesis, track, and intensity of

short-lived Tropical Storm Nicole (J. Beven 2013, per-

sonal communication).

Although this study did not directly address pre-

dictability, it provides a potential framework in which to

evaluate numerical model forecast error and uncertainty

associated with the TC–extratropical flow interaction

for recurving TC cases and other weather phenomena

associated with divergent outflow that may impinge

strongly upon the PV waveguide [e.g., predecessor rain

events (Bosart et al. 2012; Moore et al. 2013) and at-

mospheric rivers (Cordeira et al. 2013)]. Many studies

suggest that large numerical model forecast errors may

result from a failure of the numerical model to ade-

quately capture diabatically driven ridge amplification

(e.g., Davies and Didone 2013; Gray et al. 2014),

whether associated with recurving TCs (e.g., Henderson

et al. 1999; Torn 2010), mesoscale convective systems

(e.g., Dickinson et al. 1997; Rodwell et al. 2013), or

warm conveyor belts of explosively deepening extra-

tropical cyclones (e.g., Doyle et al. 2014). A question to

be addressed is whether forecast error and uncertainty

associated with the negative PV advection by the irro-

tational wind are systematic sources of forecast error

and uncertainty in the midlatitudes.
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