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ABSTRACT

Tropical cyclone (TC)–trough interactions are a common occurrence in the North Atlantic basin and

lead to a variety of TC intensity changes, from rapid intensification (RI) to rapid weakening. To test

whether certain TC–trough configurations are more favorable for RI than others, the upper-tropospheric

troughs involved in such interactions were objectively classified into one of three clusters through the

implementation of a machine-learning, dimensionality-reduction technique in conjunction with a k-means

clustering algorithm. Through composite analyses, the upper-tropospheric potential vorticity structure,

the TC convective structure, and the TC environment were examined for both rapidly intensifying

TCs and nonrapidly intensifying (non-RI) TCs. As a whole, RI episodes were associated with upper-

tropospheric troughs of shorter zonal wavelengths and greater upstream TC–trough displacements than

non-RI episodes. RI was found to occur most frequently when an upper-tropospheric cutoff low was

located approximately 500–1000 km southwest of the TC location. RI occurred preferentially in envi-

ronments associated with less ventilation of the TC warm core with low-entropy environmental air. An

examination of potential trough-induced forcing for convection revealed little relationship between RI

and eddy flux convergence of angular momentum. Nonetheless, RI episodes were associated with

anomalously vigorous convective activity within the TC inner core, as diagnosed by infrared and passive

microwave satellite imagery.

1. Introduction

The rate of tropical cyclone (TC) intensification is

dependent upon the interaction of convective-scale

processes with the surrounding synoptic-scale environ-

ment. Considering the complexities involved in such

multiscale interactions, improvements in TC intensity

prediction have been challenging. Although opera-

tional TC intensity forecasts have experienced gradual

improvements over recent years (e.g., DeMaria et al.

2014), TC intensity prediction remains especially chal-

lenging during events of TC rapid intensification (RI;

Elsberry et al. 2007; Sampson et al. 2011; Kaplan et al.

2015; Emanuel and Zhang 2016). As seen in Fig. 1, op-

erational, 24-h TC intensity forecasts for RI episodes

[those with 24-h TC intensification rates of at least 25 kt

(1 kt ’ 0.5144ms21)] in the North Atlantic basin are

associated with significantly larger errors than non-RI

episodes over the last 20–30 years. Additionally, the

trend lines in Fig. 1 indicate only small improvements

in these forecasts due, in part, to the complexities aris-

ing from the multiscale nature of RI. Compounding

these issues, TCs that rapidly intensify can be partic-

ularly dangerous and costly, as research has shown

damages associated with TC landfalls display a power-

law dependence on the maximum, sustained 10-m wind

speed (Pielke 2007). Accordingly, the National Hurri-

cane Center has made the accurate prediction of epi-

sodes of RI one of its top forecast priorities (Rappaport

et al. 2012).

Previous work has shown the likelihood of a TC to

undergo RI is strongly linked to the prevailing envi-

ronmental conditions (Kaplan and DeMaria 2003;

Kaplan et al. 2010; Rozoff andKossin 2011; Kaplan et al.

2015; Rozoff et al. 2015). Specifically, RI events are

more likely to occur in environments characterized

by weak vertical wind shear, a moist troposphere, high

oceanic heat content, and upper-tropospheric diver-

gence (Kaplan and DeMaria 2003; Kaplan et al. 2010;
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Rozoff and Kossin 2011; Tang and Emanuel 2012;

Kaplan et al. 2015; Rozoff et al. 2015). Case studies of

RI events have also linked other environmental in-

fluences to increased rates of TC intensification, such

as the presence of a nearby upper-tropospheric trough

(Molinari and Vollaro 1989; Molinari et al. 1995, 1998;

Bosart et al. 2000; Leroux et al. 2013; Shieh et al. 2013;

Chen et al. 2015). Such TC–trough interaction events

feature notoriously challenging TC intensity forecasts,

as the presence of an upper-tropospheric trough can

provide unique forcing for convection and TC intensi-

fication (e.g., Molinari and Vollaro 1989; Bosart et al.

2000; Fischer et al. 2017); however, troughs are also of-

ten associated with unfavorable environmental condi-

tions, such as increased vertical wind shear (Hanley et al.

2001) and dry air (Zhang et al. 2016).

One potential pathway by which an upper-

tropospheric trough can induce TC intensification in-

volves an upper-tropospheric trough acting as a source

of angular momentum in the TC outflow layer. The

convergence of eddy fluxes of angular momentum can

enhance the TC secondary circulation, whereby stronger

upper-tropospheric outflow favors rising motion in the

inner core, greater convective activity, and TC intensi-

fication (Pfeffer and Challa 1981; Molinari and Vollaro

1989, 1990). In another proposed pathway, potential

vorticity (PV) associated with the trough can be ad-

vected inward, underneath the TC outflow layer, in

certain TC–trough configurations, and has been hy-

pothesized to enhance the inner-core PV and strengthen

the TC (Leroux et al. 2013, 2016). Other studies have

argued upper-tropospheric troughs may invigorate TC

convective activity either through quasigeostrophic

(QG) forcing for ascent (Bracken and Bosart 2000;

Fischer et al. 2017) or through upper-tropospheric jet

dynamics (Rodgers et al. 1991; Shi et al. 1997; Bosart

et al. 2000; Komaromi and Doyle 2018).

Despite these potential TC intensification mecha-

nisms, prior climatological studies of TC–trough inter-

actions have concluded upper-tropospheric troughs are

generally unfavorable for TC intensification (DeMaria

et al. 1993; Hanley et al. 2001; Peirano et al. 2018).

Nonetheless, since multiple TCs have been documented

to undergo RI while interacting with an upper-

tropospheric trough, a lingering question is whether

certain TC–trough configurations are more favorable

for TC RI than others. Furthermore, do the environ-

mental favorability and the trough-induced forcings

for convection vary depending on the TC–trough con-

figuration? This study seeks to address the ‘‘good

trough/bad trough’’ quandary by answering the afore-

mentioned questions.

Prior climatological studies of TC–trough interactions

have neglected to examine the relationship between

TC intensity change and TC convective characteristics.

Considering previous work has shown the rate of TC

intensification is closely linked to TC convective struc-

ture (e.g., Zagrodnik and Jiang 2014; Alvey et al. 2015;

Tao and Jiang 2015; Fischer et al. 2018), the present

study seeks to bridge this gap in the literature. Ideal-

ized numerical modeling simulations have, in general,

demonstrated that a symmetric distribution of diabatic

heating is an efficient configuration for TC intensifica-

tion (Nolan and Grasso 2003; Nolan et al. 2007). These

findings are consistent with observational studies that

have linked a greater azimuthal coverage of convection,

especially in the upshear quadrants of the TC, to greater

rates of TC intensification, including rapid intensifica-

tion (Harnos and Nesbitt 2011, 2016; Kieper and Jiang

2012; Rogers et al. 2013; Zagrodnik and Jiang 2014;

Alvey et al. 2015; Kaplan et al. 2015; Tao and Jiang 2015;

Rios-Berrios and Torn 2017; Tao et al. 2017).

It is well known from prior work, however, that the

azimuthal distribution of convection in a TC is heavily

influenced by the direction andmagnitude of the vertical

wind shear (Corbosiero and Molinari 2002, 2003; Chen

et al. 2006; Reasor et al. 2013; DeHart et al. 2014).

Typically, as air parcels orbit cyclonically about the

TC center, updrafts initiate in the downshear-right

quadrant, mature in the downshear-left quadrant, and

decay in the upshear quadrants of the TC (Jones 1995;

Black et al. 2002; DeHart et al. 2014). Because prior

climatologies of TC–trough interactions have found

FIG. 1. Time series of operational, mean absolute intensity error

(kt) from forecasts issued by the National Hurricane Center

(NHC) for overwater 24-h intensity forecasts for TCs in the North

Atlantic basin from 1990 to 2016. Error is shown for RI episodes

(red), non-RI episodes (blue), and all intensity change episodes

(black). RI episodes are defined as those with a 24-h change in

maximum sustained 10-m winds $ 25 kt. Linear trends are indi-

cated by the dashed lines.
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upper-tropospheric troughs tend to be associated with

greater vertical wind shear than environments devoid of

troughs (e.g., Hanley et al. 2001), this study also seeks to

gain a better understanding of the relationship between

trough morphology, vertical wind shear, and TC con-

vective structure.

With these goals in mind, the remainder of this

paper is organized as follows: The methods and datasets

used in the present analysis are described in section 2.

Section 3 will demonstrate how a machine-learning,

dimensionality-reduction technique can be utilized to

objectively identify three unique TC–trough configura-

tions. Results from the clustering analysis, as well as

comparisons of RI and nonrapidly intensifying TCs

within each cluster, will be discussed in sections 4–8.

Finally, a discussion and summary of the results are

provided in section 9.

2. Data and methods

a. Datasets

This study examined tropical and subtropical cyclones

that formed in the North Atlantic basin from 1989 to

2016. For simplicity, the remainder of this study will

use ‘‘TC’’ to indicate both tropical and subtropical cy-

clones. TC position and intensity estimates were ob-

tained from the National Hurricane Center best track

database (HURDAT2; Landsea and Franklin 2013).

Overland TC times, as well as TC times featuring a

landfall or extratropical transition within the 24 h

following a given best track entry were removed from

this analysis. Additionally, TCs located within envi-

ronments that had a maximum potential intensity

(MPI) ,40ms21 were also excluded. TCs in such envi-

ronments were found to be less likely to intensify due

to unfavorable thermodynamic conditions (e.g., lower

sea surface temperatures and drier environments) and

are also more likely to be undergoing extratropical

transition (Hart and Evans 2001). The MPI was calcu-

lated following the methods of Bister and Emanuel

(2002) using fields from the European Centre for

Medium-Range Weather Forecasts interim reanalysis

(ERA-Interim), after masking out potential warm-core

temperature anomalies associated with the TC vortex

(Dee et al. 2011).

This study frequently employs storm-centered com-

posite analyses. To compute the composites, storm

centers were determined using the 850-hPa relative

vorticity centroid, computed within a 38 3 38 box cen-

tered on the best track location. This ‘‘recentering’’

process corrects for instances when the reanalysis center

does not precisely match the best track center location,

potentially due to the relatively coarse resolution of the

reanalysis (approximately 0.78 3 0.78).
To analyze TC convective characteristics, this study

utilized both infrared (IR) and passive microwave sat-

ellite imagery. Infrared brightness temperatures were

taken from the GridSat dataset (Knapp et al. 2011),

which has a spatial resolution of approximately 10 km3
10 km, with data available every three hours. Microwave

brightness temperatures were obtained from the dataset

constructed by Fischer et al. (2018), which uses data

gathered from six low-Earth-orbiting satellites: the

Advanced Microwave Scanning Radiometer for Earth

Observing System (AMSR-E), the Advanced Micro-

wave Scanning Radiometer 2 (AMSR-2), the Special

Sensor Microwave Imager (SSM/I), the Special Sensor

Microwave Imager/Sounder (SSMIS), the Tropical

Rainfall Measuring Mission Microwave Imager (TMI),

and the Global Precipitation Measurement Microwave

Imager (GMI). As in Fischer et al. (2018), the micro-

wave brightness temperatures taken from the six sensors

were calibrated to common 37- and 85-GHz frequencies,

using a histogram matching technique, similar to Jones

and Cecil (2006) and Rozoff et al. (2015). Passive mi-

crowave imagery has the benefit of observing the struc-

ture of hydrometeors underneath the TC cirrus canopy,

unlike IR imagery, but can be limited by intermittent

temporal coverage due to the nature of the low-Earth

orbit of the satellites. A more detailed explanation of

the construction of the microwave dataset can be found

in Fischer et al. (2018).

b. Environmental classification and intensity
change groups

TCs were classified as occurring in one of three envi-

ronmental regimes based on the distribution of the

maximum PV anomaly magnitude on the 350-K isen-

tropic surface within a 250–1000-km storm-centered

annulus (PVmax; Fig. 2). The 350-K isentropic surface

was selected as previous work has shown it resides

near the subtropical tropopause (Postel and Hitchman

1999; Wernli and Sprenger 2007). Using a domain that

extends radially outward to 1000km is consistent with

previous TC–trough interaction studies, such as Hanley

et al. (2001), although the 1000-km radial limit is smaller

than the 1500-km limit used by DeMaria et al. (1993).

TCs were classified in either a low-PV environment if

PVmax, 1.0 PVU (1 PVU5 1026Kkg21m2 s21), a mid-

PV environment if 1.0#PVmax, 2.0 PVU, or a high-PV

environment if PVmax $ 2.0 PVU. These groups corre-

spond to approximately the lower, middle, and upper

terciles of the distribution, respectively. TCs in high-PV

environments were found to be consistently interacting

with synoptic-scale upper-tropospheric PV anomalies
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and, as a result, will be used to define TC–trough

interactions for the remainder of this analysis. It is

possible, if not likely, other methods of identifying

TC–trough interactions would provide similar results;

however, since the point-based method used here con-

sistently identified synoptic-scale features, it is not be-

lieved the results of this analysis are overly sensitive to

the trough identification methodology.

Of the three environmental groups, Fig. 3 shows

high-PV environments are associated with the smallest

rates of TC intensification, as determined by the 24-h

change in the maximum sustained 10-m wind speed.

In fact, the differences between the three intensity

change distributions are all statistically significant at

the 99.9% level using the nonparametric, two-tailed

Wilcoxon rank-sum test (Wilks 2011). Hereafter, any

reference to statistical significance will assume sig-

nificance of at least the 95% level using the aforemen-

tionedWilcoxon rank-sum test on independent samples.

The differences in TC intensity change between the

environmental regimes are especially pronounced in the

upper tails of the distributions. For example, following

the Kaplan and DeMaria (2003) criterion for RI, which

is equal to the 95th percentile of the TC intensity change

distribution, the threshold for RI differs depending on

the environmental regime. Specifically, the RI thresh-

olds for high-PV,mid-PV, and low-PV environments are

25, 30, and 35kt, respectively. This suggests the presence

of an upper-tropospheric PV anomaly is not favorable

for, although does not preclude, more rapid rates of

TC intensification, which is consistent with the find-

ings of Hanley et al. (2001).

To determine whether high-PV RI episodes—defined

as high-PV TCs with a subsequent 24-h change in the

maximum sustained 10-m wind $ 25 kt—are associated

with unique upper-tropospheric trough morphologies,

this study will compare RI episodes to those that do not

meet the RI criterion, hereafter referred to as non-RI

episodes.

3. Identification of similar TC–trough
configurations

The morphologies of upper-tropospheric troughs

that interact with TCs display a large amount of vari-

ability. Consequently, a composite analysis of all TC–

trough interactions yields limited insight. To remedy this

issue, similar TC–trough interactions were objectively

identified using two different dimensionality-reduction

techniques. These techniques facilitate an analysis of

whether certain TC–trough configurations are more fa-

vorable for RI.

The first dimensionality-reduction technique employed

within this analysis was t-distributed stochastic neigh-

bor embedding (t-SNE; Maaten and Hinton 2008;

Maaten 2014). Broadly speaking, t-SNE is a member

of a larger family of embedding techniques, which al-

low for the visualization of a high-dimensional dataset

within a low-dimensional (e.g., two-dimensional) space.

This reduction is accomplished by calculating a simi-

larity matrix in both the high- and low-dimensional

FIG. 3. Normalized histogram (%) of 24-h intensity change (kt)

for all overwater TCs in the NorthAtlantic basin from 1989 to 2016

in environments characterized by a maximum potential intensity

of at least 40m s21. The intensity change distributions are grouped

by the TC environmental classification, where TCs in low-PV, mid-

PV, and high-PV environments are represented by blue, green, and

purple lines, respectively. The bin interval is 5 kt.

FIG. 2. Distribution of the maximum PV anomaly (PVU) on the

350-K isentropic surface within a 250–1000-km TC-centered an-

nulus for TCs in the North Atlantic basin from 1989 to 2016 in

environments characterized by a maximum potential intensity of

at least 40m s21. The normalized histogram (%; binned every

0.25 PVU) is given by the bars, while the cumulative distribution

(%) is represented by the black line. TCs in low-PV, mid-PV, and

high-PV environments are represented by blue, green, and purple

bars, respectively. The number (n) of TC times in each group is

given in the legend.
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space, yielding a similarity probability distribution

for the analyzed object pairs. Ultimately, the visualiza-

tion resulting from the technique consists of relatively

similar objects located closer together within the low-

dimensional space and dissimilar objects located farther

away, effectively preserving the local data structure,

including nonlinear relationships. t-SNE has been

utilized as a visualization tool by a number of pre-

vious studies, ranging from the identification of ex-

treme weather events in large-scale climate simulations

(Racah et al. 2017), to genetic analyses of the human

body (Wilson et al. 2015), to the development of a novel

artificial agent capable of outplaying humans at multiple

video games (Mnih et al. 2015).

The second dimensionality-reduction technique uti-

lized in this study was principal component analysis

(PCA), which has been employedmore frequently in the

atmospheric sciences (e.g., Overland and Preisendorfer

1982; Kossin et al. 2007; Kaplan et al. 2015; Knaff et al.

2015). Unlike t-SNE, PCA operates under the as-

sumption that the identified principal components

are orthogonal to each other and therefore attempts

to highlight the variance within a given dataset, rather

than the similarities.

Both dimensionality-reduction techniques ingested

the same input: PV anomalies on the 350-K isentropic

surface within a 2000km 3 2000km TC-centered box,

linearly interpolated to 50km 3 50km grid spacing, at

every synoptic time, for qualifying high-PV TCs. PV

anomalies were calculated relative to a 30-day mean

base state, centered on the analysis time. Before the

PV anomalies were input into the t-SNE algorithm,

PV anomalies at each grid point were rescaled using a

minimum–maximum normalization. An example of the

low-dimensional representation of each technique is

shown in the form of a scatterplot in Figs. 4a and 4b,

where each point represents a unique TC–trough in-

teraction episode. Of the two dimensionality-reduction

techniques, the t-SNE visualization (Fig. 4a) is charac-

terized by greater local structure, with points primarily

contained within three lobes of increased density.

Once the dimensionality-reduction techniques were

employed, similar TC–trough configurations were ob-

jectively identified using a k-means clustering technique

on the low-dimensional visualizations. Since k-means

clustering requires the number of clusters to be

specified a priori, this study analyzed a range of total

clusters. To determine which number of clusters best

fit the two-dimensional visualizations in Figs. 4a and 4b,

the number of clusters that maximized the silhouette

score (e.g., Rousseeuw 1987) was selected. The silhou-

ette score is a measure of cluster cohesiveness and is

defined as

S5
b2 a

max(a,b)
, (1)

where a is the mean intracluster distance and b is the

mean nearest-cluster distance for each sample. The sil-

houette score is bounded between21 and 1, with values

closer to 1 indicative of greater cluster cohesiveness.

Because t-SNE visualizations involve a stochastic com-

ponent, repeated visualizations of the same dataset can

yield slightly different low-dimensional representations.

As such, it is possible—although not necessarily likely—

one t-SNE visualization yields a maximum silhouette

score for a total of three clusters, while another t-SNE

visualization yields a maximum silhouette score for a

total of seven clusters. To account for this variability,

the t-SNE visualization and the ensuing k-means clus-

tering calculation were computed 240 times for k5 2–9.

The maximum silhouette scores resulting from k-means

clustering of the low-dimensional visualizations are

provided in Table 1.

From Table 1, it can be seen that employing k-means

clustering on the t-SNE visualizations consistently re-

sulted in larger silhouette scores, indicative of greater

cluster cohesiveness, than the visualization obtained

from PCA. Interestingly, for both t-SNE and PCA,

selecting a total of three clusters resulted in the largest

silhouette score (Table 1). The k 5 3 clustering results

for both t-SNE and PCA are shown in Figs. 4c and 4d.

The more pronounced local structure of the k5 3 t-SNE

visualization (Fig. 4c), compared to the k 5 3 PCA vi-

sualization (Fig. 4d), is consistent with the larger sil-

houette score seen in Table 1.

For each cluster, the corresponding storm-centered,

composite-mean, PV anomalies on the 350-K isentropic

surface are shown in Fig. 5. For a given dimensionality-

reduction technique, each composite cluster is asso-

ciated with a unique TC–trough configuration. The

characteristics of certain clusters display a degree of

similarity regardless of the dimensionality-reduction

technique employed. More specifically, the first two

clusters resulting from both t-SNE and PCA yield similar

upper-tropospheric PV anomaly morphologies. Cluster-1

TCs are characterized by an upper-tropospheric positive-

PV anomaly located directly over, and immediately to

the southwest of, the TC, with an upper-tropospheric

ridge located to the north of the TC (Figs. 5a,d). Cluster-1

TCs resulting from PCA are associated with a greater

extension of the positive-PV anomaly to the northeast of

the TC location than cluster-1 TCs using t-SNE, which

more closely resembles a cutoff upper-tropospheric cy-

clone. Cluster-2 TCs are characterized by a prominent,

positively tilted, positive upper-tropospheric PV anom-

aly located to the northwest of the TC, and a negative
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upper-tropospheric PV anomaly centered northeast of

the TC (Figs. 5b,e).

The similarities between the composite clusters using

t-SNE and PCA are no longer evident in the final cluster

of TC–trough configurations (cluster 3; Figs. 5c and 5f).

The composite of cluster-3 TCs resulting from t-SNE

is characterized by a positively tilted, positive-PV anomaly

maximized northeast of the TC, with a weaker exten-

sion trailing toward the southwest, terminating approx-

imately 1000 km west of the TC location (Fig. 5c).

Additionally, two separate regions of negative-PV anom-

alies are observed, with one located directly over, and

to the east of, the TC, and a secondary, negative-PV

anomaly located approximately 1000–2000km north-

west of the TC (Fig. 5c). In comparison, the composite

of cluster-3 TCs resulting from PCA is devoid of

positive-PV anomalies . 0.5 PVU (Fig. 5f). Instead, a

large negative-PV anomaly is observed directly over,

and to the north of, the TC location (Fig. 5f).

Since the composites shown in Fig. 5 require TCs to be

within 1000km of a positive-PV anomaly of amagnitude

of at least 2.0 PVU (Fig. 2), it is likely the locations of

TABLE 1. Silhouette scores of k-means clustering on t-distributed

stochastic neighbor embedding (t-SNE) and principal component

analysis (PCA) dimensionality reduction results of 350-K PV

anomalies within a 2000 km 3 2000 km TC-centered box, grouped

by the number of k-means clusters.

Technique 2 3 4 5 6 7 8

t-SNE 0.44 0.47 0.44 0.44 0.44 0.42 0.41

PCA 0.39 0.39 0.38 0.36 0.36 0.37 0.36

FIG. 4. Scatterplots of the two-dimensional representation of 350-K PV anomalies within a 2000 km 3 2000 km

TC-centered box using (a) t-SNE and (b) principal component analysis. The units of the axes are dimensionless.

(c),(d) As in (a),(b), but the results are grouped by a k-means clustering algorithm, with three clusters.
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the positive-PV anomalies associated with PCA cluster-

3 TCs are scattered about the domain, resulting in a

muted, positive-PV anomaly signal upon averaging

the cluster members. Thus, in this application, t-SNE is

better at identifying relatively similar, coherent TC–

trough configurations than PCA. Furthermore, since

the k 5 3 clustering of the t-SNE visualization yielded

the largest silhouette score, the remainder of this anal-

ysis will focus on the three TC–trough configurations

resulting from t-SNE. For simplicity, the three TC–

trough configuration clusters obtained via t-SNE will

hereafter be referred to as the cutoff cluster (cluster 1),

the northwest (NW) trough cluster (cluster 2), and the

northeast (NE) trough cluster (cluster 3), in reference to

the trough morphology of each cluster (Figs. 5a–c).

4. Climatological TC characteristics of three
TC–trough interaction clusters

The normalized histograms of 24-h TC intensity

change episodes for the three TC–trough clusters are

shown in Fig. 6. TCs in the cutoff cluster are associated

with a broad peak in the distribution of intensity change

episodes, with the right side of the peak shifted toward

larger intensification rates. In fact, TCs in the cutoff

cluster are characterized by statistically significant

greater rates of intensification than TCs in the NW and

NE trough clusters. TCs in the NW trough cluster are

associated with a shift in the intensity change distribu-

tion toward lesser rates of TC intensification, which is

especially evident in the upper tail of the distribution,

denoted by a relative lack of RI episodes.

The number of unique TCs, RI episodes, and non-RI

episodes in each TC–trough configuration cluster is

provided in Table 2. Interestingly, TCs in the cutoff and

NE trough clusters are more than twice as likely to un-

dergo RI as TCs in the NW trough cluster, as 7.1% and

6.7% of TC intensity change episodes in the cutoff and

NE trough clusters meet the criterion for RI, compared

to only 3.1% of TC intensity change episodes in NW

trough cluster. A caveat to this result arises from treat-

ing each 24-h TC intensity change episode as a unique

entity. In reality, the potential for autocorrelation exists

by using overlapping 24-h TC intensity change episodes

FIG. 5. Composite-mean, storm-centered, PV anomalies (PVU; shaded, with black contours drawn every 0.5 PVU) on the 350-K

isentropic surface for high-PV TCs in the North Atlantic basin. TCs are grouped by the clustered results shown in Fig. 4, using k-means

clustering in conjunction with (a)–(c) t-distributed stochastic neighbor embedding and (d)–(f) principal component analysis. The zonal

and meridional distance (103 km) from the TC center is displayed along the abscissa and ordinate of each plot, respectively.
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within the same, or in some cases, different clusters. This

caveat should also be considered any time statistical

significance is computed in this study, as a smaller ef-

fective sample reduces the likelihood that a given dif-

ference will be statistically significant.

The locations of the TCs at the onset of both RI and

non-RI episodes that comprise each TC–trough in-

teraction cluster are shown in Fig. 7. TCs in the cutoff

cluster generally occur more poleward and eastward

than TCs in the other two clusters (Fig. 7a). The distri-

butions of both latitude and longitude for TCs in the

cutoff cluster are statistically significantly different than

those for TCs in the NW and NE trough clusters. TCs

within the NW and NE trough clusters exhibit more

latitudinal spread, with more cases in theGulf ofMexico

and Caribbean Sea than the cutoff cluster (Figs. 7b,c).

TCs in the NW trough cluster occur significantly more

equatorward than TCs within the cutoff and NE trough

clusters. RI episodes in the NW and NE trough clusters

occur significantly more westward than non-RI episodes

in the corresponding cluster, although no significant

differences in the locations of RI and non-RI episodes

were found in the cutoff cluster.

5. The relationship between upper-tropospheric
trough structure and RI

The upper-tropospheric trough morphology and evo-

lution for each TC–trough configuration cluster is pre-

sented via lag composites of PV and wind at 200hPa.

Although each cluster was initially created based on

PV anomalies on the 350-K isentropic surface, the

climatological average height of the 350-K isentropic

surface in the subtropical North Atlantic between July–

December, when the majority of the analyzed TC–

trough interactions occurred, is close to the 200-hPa

isobaric surface (not shown). By performing composite

analyses on the 200-hPa isobaric surface, direct com-

parisons with previous studies, such as Hanley et al.

(2001), can be made.

a. Characteristics of the cutoff cluster

Figure 8 depicts the storm-centered, composite-mean,

200-hPa PV and winds for RI and non-RI episodes in

the cutoff cluster over a 24-h period, beginning 12h prior

to the onset of the intensity change episode. TCs in the

cutoff cluster are characterized by upper-tropospheric

troughs located directly over and immediately to the

southwest of the TC (Fig. 8). The composites of TC–

trough interactions in the cutoff cluster resemble the

composites of ‘‘superposition’’ TC–trough interactions

analyzed by Hanley et al. (2001). In each composite, the

upper-tropospheric trough is associated with a local

TABLE 2. Number of unique TCs (Unique TCs), as well as total

number of TC intensity change episodes for all high-PV TCs

(All), number of rapid intensification episodes (RI), and number

of nonrapid intensification episodes (non-RI) sorted by TC–trough

configuration cluster.

Cluster Unique TCs All RI Non-RI

Cutoff 88 672 48 624

NW trough 171 800 25 775

NE trough 137 716 48 668

FIG. 6. (a) Normalized histogram (%) of 24-h TC intensity change (kt) for high-PV TCs in the North Atlantic

basin from 1989 to 2016. The intensity change distributions are grouped by the TC–trough configuration cluster,

where TCs in the cutoff cluster, NW trough cluster, and NE trough cluster are represented by blue, orange, and

green lines, respectively. The bin interval is 5 kt. The black, dashed, vertical line denotes the threshold for RI

(25 kt). (b) As in (a), but focused on the frequency of cases with a 24-h TC intensity change $ 25 kt. Note the

difference in scaling along the ordinate.
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maximum in PV that is partially detached from the

poleward reservoir of high PV, resembling a cyclonic

wave-breaking event (Thorncroft et al. 1993), and a

secondary maximum in wind speed observed on the

south side of the TC (Figs. 8a–f). RI episodes within

the cutoff cluster are consistently associated with

regions of statistically significant weaker PV within

the core of the upper-tropospheric trough than non-

RI episodes (Figs. 8g–i). The zonal scale of the com-

posite upper-tropospheric troughs for RI episodes is

approximately 1000 km (Figs. 8a–c), which is nearly

half the scale of the troughs in the non-RI composite

(Figs. 8d–f). These findings are consistent with previous

work that suggested smaller-scale upper-tropospheric

PV anomalies are more favorable for TC intensifica-

tion during TC–trough superposition (Molinari et al.

1995, 1998).

The maximum PV values associated with the upper-

tropospheric troughs in the RI composites are located

approximately 250–500-km farther upstream of the TC

center than those in the non-RI composites (Figs. 8a–f).

Additionally, RI episodes are consistently associated

with weaker 200-hPa wind speeds on the south side of

the TC (Figs. 8a–c) than non-RI episodes (Figs. 8d–f).

RI episodes display an amplification of the downstream

ridge that occurs in tandem with an increase in 200-hPa

PV associated with the upstream trough (Figs. 8a–c).

Conversely, in non-RI episodes, the areal extent of re-

gions with .2.0 PVU decreases with time (Figs. 8d–f).

Differences in the vertical structure of the upper-

tropospheric troughs associated with RI and non-RI

episodes in the cutoff cluster are examined in southwest–

northeast, vertical cross sections, centered on the TC

location (Fig. 9). The axes along which the vertical cross

FIG. 7. Geographic locations of the 850-hPa relative vorticity centroids for RI episodes

(red) and non-RI episodes (blue) for high-PVTCswithin the (a) cutoff cluster, (b)NW trough

cluster, and (c) NE trough cluster.
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sections were taken are displayed by the dashed, ma-

genta lines in Fig. 8. In the composites of both RI

and non-RI episodes, the reanalysis is able to crudely

resolve the PV tower associated with the composite

TC, depicted by a local maximum in PVwithin 250 kmof

the TC location, spanning approximately 1000–300hPa

(Figs. 9a–f). In both RI and non-RI episodes, a local PV

maximum is observed near, and immediately upstream

of, the TC location at 200 hPa, consistent with Fig. 8.

The composites of RI episodes (Figs. 9a–c) are associated

with upstream upper-tropospheric troughs of smaller

spatial scales, as well as less PV immediately above the

TC center than non-RI episodes (Figs. 9d–f). The dif-

ferences in vertical structure of PV between RI and non-

RI episodes in the cutoff cluster are more apparent in the

difference plots shown in Figs. 9g–i. At each lag time, RI

episodes are associated with less upper-tropospheric PV

than non-RI episodes within approximately 750km of the

FIG. 8. Composite-mean, storm-centered, 200-hPa PV (PVU; shaded) and winds (white arrows) for RI episodes in the cutoff cluster

(a) 12 h prior to the onset of the intensity change episode, (b) at the onset of the intensity change episode, and (c) 12 h after the onset of the

intensity change episode. The zonal and meridional distance (103 km) from the TC center is displayed along the abscissa and ordinate of

each plot, respectively.Wind speed (black contours) are shown every 5m s21 for values$10m s21. The dashed,magenta line in each panel

denotes the axis along which vertical cross sections are taken in Fig. 9. (d)–(f) As in (a)–(c), but for non-RI episodes. (g)–(i) Difference in

PV (PVU; shaded) between RI–non-RI composites at t 5 212, t 5 0, and t 5 12 h, respectively. Black contours and hatching indicate

differences that are statistically significant at the 95% confidence level.

3702 MONTHLY WEATHER REV IEW VOLUME 147



TC location between 300 and 150hPa. The difference

between composites becomes slightly less pro-

nounced with time, which is consistent with the in-

crease in PV upstream of RI episodes, as well as the

decrease in spatial extent of the composite upper-

tropospheric trough in non-RI episodes, seen in Fig. 8.

b. Characteristics of the NW trough cluster

The composites of 200-hPa PV and winds for TCs in

the NW trough cluster (Fig. 10) are associated with a

much different TC–trough configuration than the cutoff

cluster. The upper-tropospheric troughs that comprise

the NW trough cluster are located farther from the TC

than the composite troughs in the cutoff cluster and

display a positive tilt, devoid of prominent wave break-

ing within 1000km of the TC center. The TC–trough

configurations in the NW trough cluster resemble the

‘‘distant’’ TC–trough interactions analyzed by Hanley

et al. (2001). In both RI and non-RI episodes, the upper-

tropospheric trough approaches the location of the

FIG. 9. Composite-mean, storm-centered, vertical cross sections of PV (PVU; shaded) for RI episodes in the cutoff cluster (a) 12 h prior

to the onset of the intensity change episode, (b) at the onset of the intensity change episode, and (c) 12 h after the onset of the intensity

change episode. Cross sections are taken from 2000 km southwest of the TC (negative distance), through the TC location, to 2000 km

northeast of the TC (positive distance). (d)–(f) As in (a)–(c), but for non-RI episodes. (g)–(i) As in (a)–(c), but for the difference between

RI and non-RI episodes.
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TC; however, the upper-tropospheric trough in the RI

composite remains farther upstream. Consistent with

the greater upstream trough displacement, the RI com-

posites are associated with regions of significantly

weaker 200-hPa PV approximately 0–1000km to the

northwest of the TC at all lead times (Figs. 10g–i). This

region of statistical significance approaches, and be-

comes nearly collocated with, the TC during the TC

intensity change episode.

In each of the NW trough cluster composites, anticy-

clonic flow is observed at 200 hPa near, and downstream

of, the TC (Figs. 10a–f). The upstream troughs in the RI

composites are also associated with a shorter zonal

wavelength and a sharper PV gradient between the TC

and the base of the trough, especially at t5 0 and t5 12h

(Figs. 10b,c). In both the RI and non-RI composites, a

200-hPa jet is observed to the northeast of the TC center

(Figs. 10a–f). Although the jet strengthens with time in

the RI composites, stronger 200-hPa wind speeds are

consistently observed within 500 km of the TC location

in the non-RI composites (Figs. 10d–f). The magnitude

of PV associated with the troughs in the RI composites

increases with time (Figs. 10a–c), similar to the pattern

observed with TCs in the cutoff cluster (Figs. 8a–c).

c. Characteristics of the NE trough cluster

The upper-tropospheric trough morphologies asso-

ciated with TCs in the NE trough cluster (Fig. 11) have

FIG. 10. As in Fig. 8, but for TCs in the NW trough cluster.
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the highest PV located northeast of the TC. The upper-

tropospheric troughs in both the RI and non-RI

composites display a positive tilt, but large differ-

ences are observed at the base of the trough. The

composites of RI episodes in the NE trough cluster

display a trough fracture near the base of the trough,

with a secondary, weak maximum in PV existing to the

southwest of the TC at all analyzed times (Figs. 11a–c).

The secondary maximum in PV drifts slowly southward,

away from the TC with time. RI episodes are associ-

ated with regions of significantly weaker 200-hPa PV

near, and to the northwest of, the TC at t 5 0 and t 5
12h, consistent with the evolution of a trough fracture

(Figs. 11h,i).

Adjacent to the location of the trough fracture, two

regions of weak, anticyclonic flow are observed: one

to the west and one the east of the fracture. The

resulting flow pattern resembles a col, with minimal

flow observed over the TC (Figs. 11a–c). Non-RI

episodes in the NE trough cluster are associated with

stronger, westerly flow over the TC, as the upstream

trough does not fracture and remains a positively

tilted PV streamer (Figs. 11d–f). The non-RI com-

posites also display two regions of anticyclonic flow,

but the upstream region is located farther poleward,

and the downstream region located farther equator-

ward, than the locations of anticyclonic flow in the

RI composites.

FIG. 11. As in Fig. 8, but for TCs in the NE trough cluster.
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6. Environmental characteristics of each
trough cluster

Previous work has shown upper-tropospheric troughs

tend to be associated with increased environmental

vertical wind shear (Hanley et al. 2001) and relatively

dry midtropospheric air (Zhang et al. 2016), both of

which can act to ventilate the TC warm core with rela-

tively low-entropy environmental air. One of the goals

of the current study is to determine how the environ-

mental favorability for TC intensification is related to

the upper-tropospheric trough morphology. To assess

the environmental favorability for TC intensification,

a modified version of the ventilation index of Tang

and Emanuel (2012) was employed. Lower values of the

ventilation index are more favorable for TC intensifi-

cation, including RI (Tang and Emanuel 2012; Lin et al.

2017). Here, we define the ventilation index as

L5
u
shear

x
m

u
PI

, (2)

where ushear is the 1000–250-hPa environmental vertical

wind shear magnitude, x is the entropy deficit, the sub-

script m indicates the azimuthal mean, and uPI is the

MPI. The 1000–250-hPa layer was chosen for the vertical

wind shear calculation, as this layer was found to have a

stronger correlation to future 24-h TC intensity change

than the 850–200-hPa layer used by Tang and Emanuel

(2012). The entropy deficit is defined as

x5
s
m
*2 s

m

s
SST
* 2 s

b

, (3)

where sm* is the average saturation entropy at 600 hPa in

the inner core of the TC (#100 km), sm is the entropy at

600 hPa averaged within an 100–300-km TC-centered

annulus, sSST
* is the saturation entropy at the sea surface

temperature, and sb is the entropy of the boundary layer.

Essentially, for a given TC, x represents the difference

in moist entropy between the TC inner core and the

environment, divided by the air–sea disequilibrium at the

MPI. Following Tang and Emanuel (2012), the calcula-

tion of Eq. (3) utilizes the pseudoadiabatic entropy from

Bryan (2008). Although the relatively coarse spatial res-

olution of the reanalysis may yield biased estimates of

x and L, the purpose of this analysis is to compare the

distributions of x and L for both RI and non-RI episodes

in each trough cluster. Any potential resolution-driven

biases associated with the reanalysis should be consistent

for all intensity change episodes and trough clusters.

Figure 12a shows the distributions of L for RI and

non-RI episodes in each TC–trough cluster. RI episodes

are consistently associated with statistically significant

lowerL values than non-RI episodes in each cluster. The

interquartile ranges ofL seen in RI and non-RI episodes

in a given TC–trough cluster only display a slight over-

lap. These results indicate less ventilation of the TCwith

low-entropy environmental air during trough interac-

tion events is favorable for RI.

To assess whether the differences in L between RI

and non-RI episodes are driven by one particular com-

ponent of L, Figs. 12b–d show the distributions of the

deep-layer vertical wind shear magnitude (ushear), the

environmental entropy deficit (xm), and the environ-

mental MPI (uPI) for both RI and non-RI episodes.

Figure 12b shows RI episodes are associated with sta-

tistically significant weaker vertical wind shear magni-

tudes than non-RI episodes in each cluster. Nonetheless,

in each TC–trough cluster, an overlap in the distribution

of shear for RI and non-RI episodes exists, suggesting

that although RI is favored in environments of lower

vertical wind shear, RI is still possible when the 1000–

250-hPa shear exceeds 5–6ms21, especially for TCs in

the NW trough cluster (Fig. 12b). The observance of RI

in moderate levels of vertical wind shear is consistent

with the modeling simulations of Zhang and Tao (2013),

Judt and Chen (2016), and Rios-Berrios et al. (2018).

Similar to the distributions of vertical wind shear, RI

episodes in each cluster are also consistently associated

with significantly lower xm, indicative of amore favorable

thermodynamic environment (Fig. 12c). RI episodes in

the cutoff cluster generally have the largest xm of the

three RI groups, which is consistent with their more

poleward locations (Fig. 7).

Unlike the other parameters displayed in Fig. 12, the

distributions of MPI display some cluster dependency,

as seen by the lower MPI for TCs in the cutoff cluster

compared to TCs in the NW and NE trough clusters

(Fig. 12d). In fact, themedianMPI for RI episodes in the

cutoff cluster is less than 80ms21, which is less than the

median value of non-RI episodes in the NW and NE

trough clusters. Again, the lower environmental MPI of

TCs in the cutoff cluster is likely linked to their more

poleward locations (Fig. 7). The distributions of MPI for

TCs in the NW and NE trough clusters are relatively

similar. Regardless, in each cluster, RI episodes are as-

sociatedwith significantly larger environmentalMPI than

non-RI episodes in the corresponding cluster. This result

indicates that anomalous environmental MPI, relative to

a given upper-tropospheric trough morphology, may be

more important for RI than the observed MPI during a

TC–trough interaction event.

To quantify the relationship between TC environmental

conditions and TC intensity change, Table 3 shows the

correlation coefficients for various environmental pa-

rameters and future 24-h intensity change. Generally, the
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correlation coefficients associated with L display the

largest absolute values. Because L is characterized by

a logarithmic distribution, a more suitable correlation

metric may be a rank correlation, rather than the Pearson

correlation coefficient shown in Table 3. Indeed, when

rank correlations between L and intensity change are

computed, the correlation coefficients are generally

0.03–0.06 greater than those in Table 3 (not shown).

Regardless, these findings demonstrate the ventilation

of the TC inner core, as estimated by L, has a strong

influence on TC intensification during TC–trough inter-

actions, especially for TCs in the cutoff and NE trough

clusters. Of the three components of L, the correlations

between xm and intensity change were consistently the

most robust. Among each variable displayed in Table 3,

TCs in the NW trough cluster generally display the

smallest correlation coefficients, suggesting that in such

trough configurations, more of the intensity change var-

iability is controlled by factors other than ventilation.

7. Convective characteristics of TC–trough
interactions

a. A comparison of the convective characteristics
of TCs in high- and low-PV environments

Performing a robust composite analysis of TC con-

vective characteristics when examining a range of TC

intensities is challenging due to the strong relationship

FIG. 12. Box-and-whisker plots of (a) ventilation index (L; dimensionless) for RI and non-RI episodes within the

cutoff cluster (blue), NW trough cluster (orange), and NE trough cluster (green), at the onset of the intensity

change episode (t 5 0 h). The boxes range from the 25th–75th percentiles of the distribution, with a yellow line

depicting the median, while the whiskers span the 10th–90th percentiles. Boxes with black hatching indicate the

given intensity change group is associated with a statistically significant different distribution from RI episodes

within the corresponding cluster at the 95% confidence level. Recall that the number of effective samples (i.e., the

number of unique TCs) differs from the number of total TC intensity change episodes, as seen in Table 2. Here,

statistical significance was determined using all TC intensity change episodes within a given intensity change group,

rather than only using unique samples. (b)–(d) As in (a), but for 1000–250-hPa vertical wind shear magnitude

(m s21), entropy deficit (xm; dimensionless), and MPI (m s21), respectively.
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between TC convective structure and TC intensity (e.g.,

Dvorak 1975; Cecil and Zipser 1999; Velden et al. 2006).

A novel approach to bypass this issue was introduced by

Fischer et al. (2018), who developed a convective nor-

malization technique that identifies the anomalous con-

vective characteristics of a TC relative to the convective

structure typically associated with TCs of similar inten-

sities. Considering the TC–trough interactions analyzed

within the present study span a wide range of TC inten-

sities, the convective normalization technique of Fischer

et al. (2018) provides a method to directly relate the

convective structures of TC–trough interactions to the

rate of intensity change.

As in Fischer et al. (2018), normalized IR and micro-

wave brightness temperatures were computed following:

T*b 5
T
b
2T

b

s
, (4)

where T*b is the normalized brightness temperature,

Tb is the observed brightness temperature, Tb is the

mean of the climatological brightness temperature,

and s is the standard deviation of the climatological

brightness temperature. The normalization is com-

puted in a shear-relative framework, using the deep-

layer (1000–250-hPa) shear vector. The climatological

brightness temperatures are obtained from TCs of simi-

lar intensities to the TC of interest. To summarize,

anomalously low IR brightness temperatures are in-

dicative of anomalously low cloud top temperatures,

consistent with anomalously vigorous convection, while

the converse is also true. Similarly, anomalously low 85-

GHz brightness temperatures indicate anomalously

large frozen hydrometeor content, while anomalously

high 37-GHz brightness temperatures generally indicate

anomalously large liquid hydrometeor content (Fischer

et al. 2018).

Before an analysis of the normalized convective char-

acteristics of each TC–trough configuration cluster is

performed, it is important to understand how the nor-

malized convective characteristics of TCs with nearby

upper-tropospheric troughs (high-PV TCs) differ from

TCs in environments devoid of upper-tropospheric

troughs (low-PV TCs). Figure 13 shows normalized

IR, 37, and 85-GHz brightness temperatures for both

high- and low-PV TCs. Here, the normalization was

performed using climatological brightness temperatures

derived from all TCs, regardless of the type of envi-

ronment in which they were located, as in Fischer et al.

(2018). From Fig. 13, TCs in high-PV environments tend

to have positive, normalized IR and 85-GHz brightness

temperatures, as well as negative, normalized 37-GHz

brightness temperatures (Figs. 13a–c). These results in-

dicate TCs interacting with a nearby upper-tropospheric

trough are typically associated with anomalously weak

convection. Conversely, TCs in low-PV environments

are associated with anomalously low IR brightness

temperatures and anomalously large liquid and ice hy-

drometeor content (Figs. 13d–f), consistent with anom-

alously vigorous convection. The difference plots shown

in Figs. 13g–i indicate large regions of statistical signifi-

cance within the innermost 400 km of the TC center.

In each normalized frequency, the differences between

low- and high-PV TCs are most pronounced in the

upshear-right quadrants. Because low-PV TCs are as-

sociated with significantly larger TC intensification rates

than TCs in high-PV environments (Fig. 3), these results

are consistent with the findings of Zagrodnik and Jiang

(2014), Alvey et al. (2015), Tao and Jiang (2015), and

Fischer et al. (2018), who determined the presence of

anomalously vigorous, upshear convection is important

for greater TC intensification rates. The more vigorous

anomalous convective activity observed in low-PV TCs

is also consistent with more favorable environmental

conditions, characterized by lower L (not shown).

b. Convective characteristics of RI episodes in unique
TC–trough configurations

Figure 14 presents the normalized IR brightness tem-

peratures for both RI and non-RI episodes in each TC–

trough configuration cluster. For reference, the number

of intensity change episodes with available satellite data

is provided inTable 4. In each cluster, RI episodes feature

a region of anomalously low IR brightness temperatures

throughout much of the innermost 200km (Figs. 14a–c).

RI episodes in the NW trough cluster are associated with

the lowest, normalized, IR brightness temperatures

(Fig. 14b), whereas RI episodes in the cutoff cluster

are associated with the least-negative, normalized

IR brightness temperatures (Fig. 14a). The anomalous

TC convective structures in each trough cluster display

similarities with their respective thermodynamic en-

vironmental conditions, as RI episodes in the cutoff

cluster tend to have smaller MPIs compared to the

MPI distributions of the other RI groups, whereas RI

TABLE 3. Pearson correlation coefficients of 24-h intensity

change and ventilation index parameters for all high-PV TCs, and

TCs within the cutoff, NW trough, and NE trough clusters, re-

spectively. Correlations were calculated using parameters obtained

at the onset of the intensity change episode (t 5 0 h).

TC group L ushear xm uPI

All 20.27 20.23 20.25 0.19

Cutoff 20.37 20.22 20.35 0.34

NW trough 20.17 20.17 20.19 0.14

NE trough 20.33 20.29 20.28 0.23
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episodes in the NW trough cluster tend to have larger

MPIs (Fig. 12d). Previous work has shown warmer sea

surface temperatures, likely reflected by higher MPIs,

are associated with colder tropopause temperatures

(e.g., Reid and Gage 1981), manifested here through

the lower normalized IR brightness temperatures seen

in the NW trough cluster.

The composites of normalized IR brightness tempera-

tures for non-RI episodes in eachTC–trough configuration

cluster are characterized by anomalously high IR bright-

ness temperatures throughout nearly the entire inner-

most 200km (Figs. 14d–f). Out of the non-RI composites,

TCs in the cutoff cluster are associated with the largest

normalized IR brightness temperatures (Fig. 14d), and

FIG. 13. Composite-mean, storm-centered, shear-relative, normalized (a) IR brightness temperatures, (b) 37-GHz brightness tem-

peratures, and (c) 85-GHz brightness temperatures for all high-PVTCs. Composites are shown at the onset of the intensity change episode

(t5 0 h). Each composite is rotated by the deep-layer (1000–250 hPa) environmental vertical wind shear direction, with the shear vector

pointing to the right side of each panel, as indicated by the black arrow.Radial rings are spaced in 100-km increments. (d)–(f)As in (a)–(c),

but for all TCs in low-PV environments. (g)–(i) As in (a)–(c), but for the difference between high-PV TCs and low-PV TCs. The stippling

pattern denotes regions where the differences are statistically significant at the 95% confidence level.
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non-RI episodes in the NW trough cluster are associated

with the smallest maximum in normalized IR bright-

ness temperatures (Fig. 14e). With the exception of the

cutoff cluster, the azimuthal locations of the most

prominent anomalies are again found in the upshear

quadrants (Figs. 14e,f), consistent with the locations

noted in the RI composites of the corresponding cluster.

Each TC–trough configuration cluster is associated

with large regions of statistically significant differences

in normalized IR brightness temperatures (Figs. 14g–i).

RI episodes in the cutoff cluster display the largest

region of significant differences from non-RI episodes,

as well as the greatest downshear extent of signifi-

cant differences (Fig. 14g). RI episodes in the NW and

FIG. 14. Composite-mean, storm-centered, shear-relative, normalized IR brightness temperatures for RI episodes in the (a) cutoff

cluster, (b)NW trough cluster, and (c)NE trough cluster. Composites are shown at the onset of the intensity change episode (t5 0 h). Each

composite is rotated by the deep-layer (1000–250 hPa) environmental vertical wind shear direction, with the shear vector pointing to the

right side of each panel, as indicated by the black arrow. Radial rings are spaced in 100-km increments. (d)–(f) As in (a)–(c), but for non-RI

episodes. (g)–(i) As in (a)–(c), but for the difference between RI episodes and non-RI episodes. The stippling pattern denotes regions

where the differences are statistically significant at the 95% confidence level.
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NE trough clusters are associated with significantly

lower normalized IR brightness temperatures, primarily

in the innermost 300 km of the upshear semicircle

(Figs. 14h,i).

These results demonstrate that although TCs

interacting with upper-tropospheric troughs tend to

be associated with anomalously high IR brightness

temperatures as a whole (Fig. 13a), the presence of

anomalously vigorous convection, as indicated by

anomalously low IR brightness temperatures, near

the TC center is important for RI. Surprisingly, TCs

in the cutoff cluster are associated with the greatest

TC intensification rates, despite being associated with

the largest normalized IR brightness temperatures.

Similar to the findings of MPI (Fig. 12d), Fig. 14 in-

dicates the anomalous IR brightness temperatures rel-

ative to a given TC–trough configurationmay be a better

indicator of TC intensity change, rather than the raw

value of the normalized IR brightness temperatures.

Unfortunately, the limited sample size of each cluster

(Table 4) precludes a robust cluster-relative IR bright-

ness temperature normalization.

To analyze the structure of hydrometeors beneath

the cirrus canopy, Figs. 15 and 16 reveal the distri-

bution of anomalous liquid and ice hydrometeors

for RI and non-RI episodes in each TC–trough con-

figuration cluster, respectively, using horizontally

polarized 37-GHz brightness temperatures and

polarization-corrected 85-GHz brightness tempera-

tures, as in Fischer et al. (2018). Here, the sample size

of each composite is even smaller than the sample

size of the aforementioned normalized IR brightness

composites (Table 4) and, thus, the following results

should be treated with caution. Nonetheless, recall

anomalously high 37-GHz brightness temperatures

and anomalously low 85-GHz brightness temperatures

indicate regions of anomalously larger liquid and frozen

hydrometeor content, respectively. Similar to the com-

posites of normalized IR brightness temperatures, RI

episodes in each cluster are associated with anomalously

large liquid and frozen hydrometeor content near the

TC center (Figs. 15a–c and 16a–c). Conversely, non-RI

episodes tend to be associated with anomalously small

liquid and frozen hydrometeor content (Figs. 15d–f

and 16d–f).

Although RI episodes in both the cutoff and NE

trough clusters are associated with regions of statisti-

cally significant larger liquid hydrometeor content within

100km of the TC center (Figs. 15g,i), RI episodes in the

NW trough cluster do not display any regions of statis-

tically significant differences (Fig. 15h). Some regions of

significantly greater frozen hydrometeor content for RI

episodes in the NW trough cluster, however, are ob-

served in composites of normalized 85-GHz brightness

temperature (Fig. 16h). Additionally, RI episodes in the

cutoff and NE trough clusters are associated with larger

anomalous frozen hydrometeor content around the TC

center than non-RI episodes in the corresponding clus-

ter (Figs. 16g,i). These results indicate the presence of

anomalously vigorous deep convection is important for

RI during TC–trough interactions.

The presence of anomalously vigorous deep convec-

tion could have implications on the evolution of a

nearby upper-tropospheric trough. For example, more

vigorous deep convection would be associated with

greater upper-tropospheric divergence and, in turn,

potentially greater negative-PV advection by the irro-

tational wind (e.g., Archambault et al. 2013), acting to

keep a nearby trough displaced farther from the TC

location. For a fixed upper-tropospheric PV anomaly

magnitude, an upper-tropospheric PV anomaly located

farther from the TC would induce weaker vertical wind

shear over the TC. Such an evolution is consistent with

the characteristics of RI episodes in the NW trough

cluster.

Alternatively, greater negative-PV advection by the

irrotational wind could potentially act to induce an

upper-tropospheric Rossby wave-breaking event, caus-

ing an upper-tropospheric trough to fracture on ap-

proach to the TC (e.g., Bosart et al. 2000; Archambault

et al. 2013, 2015; Galarneau et al. 2013). Such an evo-

lution is consistent with the upper-tropospheric trough

morphology observed in RI episodes in the cutoff and

NE trough clusters, where a secondary PV maximum

is located to the southwest of the TC (Figs. 8a–c and

11a–c). The cyclonic circulation associated with the

PV maximum to southwest of the TC would partially

oppose the climatological westerly midlatitude flow,

ultimately reducing the vertical wind shear over the TC

and providing a more favorable environment for TC

TABLE 4. Number of RI and non-RI intensity change episodes

with available infrared (IR), 37, and 85-GHz passive microwave

imagery for each TC–trough configuration cluster.

Cluster and

frequency

Rapid

intensification (RI)

Nonrapid

intensification

(Non-RI)

Cutoff IR 48 623

NW trough IR 24 763

NE trough IR 46 664

Cutoff 37GHz 25 326

NW trough 37GHz 13 436

NE trough 37GHz 20 356

Cutoff 85GHz 25 319

NW trough 85GHz 14 409

NE trough 85GHz 21 342
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intensification (Rios-Berrios and Torn 2017). In both

scenarios, weaker vertical wind shear would favor more

symmetric convective development, potentially fa-

cilitating a feedback favorable for further TC in-

tensification, including RI.

8. Upper-tropospheric trough forcing for ascent

The strong relationship between RI and anoma-

lously vigorous convection within the TC inner core

raises the question of whether the corresponding

upper-tropospheric trough configurations induce great-

er forcing for ascent than the troughs associated with

non-RI episodes. Previous work has shown an upper-

tropospheric trough acts as a source of angular mo-

mentum in the TC outflow layer (Pfeffer and Challa

1981; Molinari and Vollaro 1989). In the framework

of a balanced vortex, the eddy flux convergence of an-

gular momentum (EFC) provided by the trough acts

to strengthen the TC secondary circulation, potentially

invigorating convective activity and causing TC

intensification (Molinari and Vollaro 1989, 1990).

FIG. 15. As in Fig. 14, but for normalized 37-GHz brightness temperatures.
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To examine howEFC is related toRI within each trough

cluster, EFC was computed following Molinari and

Vollaro (1989):

EFC52
1

r2
›

›r
r2u0y0 , (5)

where r is the radial distance from the TC, u0 is the

perturbation of the storm-relative radial wind from the

azimuthal mean, y0 is the perturbation of the storm-

relative tangential wind from the azimuthal mean, and

the overbar denotes the azimuthal mean. Figure 17

shows the composite-mean, 200-hPa EFC as a function

of time and radius for each trough cluster, as well as

the composite-mean differences between RI and non-

RI episodes. Of the three TC–trough interaction clus-

ters, TCs in the cutoff cluster are associated with the

weakest magnitudes of EFC, which decrease with time

(Fig. 17a). In fact, the composite magnitudes of EFC in

the cutoff cluster would not satisfy the criteria for a TC–

trough interaction episode utilized by previous stud-

ies, such as DeMaria et al. (1993), Hanley et al. (2001),

and Peirano et al. (2016), which require minimum

FIG. 16. As in Fig. 14, but for normalized 85-GHz brightness temperatures.
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EFC magnitudes ranging from approximately 7.4–

10.0m s21 day21, depending on the study. Nonetheless,

the composite PV anomalies shown in Fig. 5 demon-

strate that upper-tropospheric troughs or cutoff lows

can be present near a TC without large values of EFC.

The largest values of EFC are found in the composite of

the NW trough cluster, with maximum composite-mean

values of EFC between 14 and 15ms21 day21 at t 5 6–

12 h in a radial band approximately 700–900 km from the

TC center (Fig. 17b). TCs in the NE trough cluster are

associated with maximum composite-mean EFC values

greater than TCs in the cutoff cluster, but less than TCs

in the NW trough cluster (Fig. 17c). Additionally, the

maximum composite-mean EFC values associated with

TCs in the NE trough cluster decrease after t 5 0 h.

The differences between EFC in RI and non-RI epi-

sodes are most pronounced for TCs in the cutoff clus-

ter (Fig. 17a). RI episodes have statistically significant

greater values of EFC than non-RI episodes, but these

differences do not become significant until after t 5 0 h.

RI episodes in the NW trough cluster are consistently

associated with weaker magnitudes of EFC than non-

RI episodes within the innermost 300 km of the TC

(Fig. 17b). Radially outward of 300 km, RI episodes in

the NW trough cluster are also associated with signifi-

cantly weaker EFC than non-RI episodes between ap-

proximately t 5 212 to 26 h within the radial range of

750–1000km; however, following this time, the sign of

the difference begins to reverse, with RI episodes asso-

ciated with significantly larger EFC values for t $ 18 h.

RI episodes in the NE trough cluster are generally as-

sociated with weaker EFC than non-RI episodes, with

significant differences occurring near t 5 0h radially

inward of 400 km as well as between 750 and 1000km.

Correlation coefficients between EFC and TC in-

tensity change at t 5 0 h are provided in Table 5. The

correlations were calculated using averages in two ra-

dial bands, between 300–600 and 500–900km, similar to

FIG. 17. Composite-mean, 200-hPa eddy flux convergence of angular momentum (EFC; m s21 day21; black contours) as a function of

time (h) relative to the onset of the intensity change episode (t 5 0 h) for TCs within the (a) cutoff cluster, (b) NW trough cluster, and

(c) NE trough cluster. The differences in EFCmagnitudes (RI–Non-RI) within the specified cluster are shown in the shading. The stippling

pattern denotes regions where the differences are statistically significant at the 95% confidence level.

TABLE 5. Pearson correlation coefficients of 24-h intensity

change and EFC for all high-PV TCs, and TCs within the cutoff,

NW trough, and NE trough clusters, respectively. Correlations

were calculated using parameters obtained at the onset of the in-

tensity change episode (t5 0 h). EFCi and EFCowere calculated as

the mean 200-hPa eddy flux convergence of angular momentum

within 300–600 and 500–900 km of the TC center, respectively.

sEFCi and sEFCo follow EFCi and EFCo, respectively, but are the

partial correlation coefficients between 200-hPa EFC and the fu-

ture 24-h TC intensity change after accounting for the magnitude

of the 1000–250-hPa vertical wind shear at t 5 0 h.

TC group EFCi EFCo sEFCi sEFCo

All 0.03 20.01 0.07 0.04

Cutoff 0.23 0.21 0.22 0.20

NW trough 20.09 20.09 20.04 20.03

NE trough 0.00 20.04 0.08 0.05
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Hanley et al. (2001) and Peirano et al. (2016). Although

the distribution of EFC associated with all high-PV TCs

displays little correlation to intensity change, similar to

the findings of DeMaria et al. (1993) and Peirano et al.

(2016), EFC does display a more robust correlation with

TC intensity change for TCs in the cutoff cluster. In

fact, the EFC correlation coefficient for TCs in the

cutoff cluster is comparable to that of vertical wind shear

(Table 3). These results suggest that the skill associated

with using EFC as a predictor of TC intensity change

may be dependent on the type of TC–trough interaction.

It is not clear why TC intensity change displays a

stronger correlation to EFC for TCs in the cutoff cluster.

One possible explanation is that for TCs in environ-

ments of relatively weak EFC, such as those TCs in the

cutoff cluster, TC intensification itself may lead to an

increase in EFC. For example, it is likely that an in-

tensifying TC is associated with greater convective ac-

tivity (e.g., Zagrodnik and Jiang 2014; Tao and Jiang

2015; Fischer et al. 2018), which would favor stronger,

anticyclonic outflow. If the stronger outflow from the

intensifying TC is asymmetric, it will yield more positive

EFC values, as the anticyclonic outflow is expelled away

from the TC [Eq. (5)]. Because the magnitude of EFC is

not significantly different for RI and non-RI episodes in

the cutoff cluster (Fig. 17a), it is possible the relatively

strong correlation arises from TCs in the non-RI group

and does not extend to RI cases.

Previous studies have demonstrated EFC displays

some covariance with the magnitude of vertical wind

shear. The findings of DeMaria et al. (1993) and Peirano

et al. (2016) determined EFC exhibits a small, but sta-

tistically significant, relationship to TC intensity change

once the influence of vertical wind shear on TC intensity

change is controlled for. To further quantify the rela-

tionship between EFC and TC intensity change, a mul-

tiple linear regression analysis, similar to Peirano et al.

(2016), was performed for the high-PV TCs within the

current dataset. Here, both EFC and the vertical wind

shear magnitude were treated as independent variables

in the multiple linear regression analysis. Table 5 lists

the partial correlation coefficients between 24-h TC in-

tensity change andEFCmagnitude at t5 0 h. The partial

correlation coefficients increase for TCs in the NW and

NE trough clusters, as well as high-PV TCs in gen-

eral, but slightly decrease for TCs in the cutoff cluster.

Nonetheless, TCs in the cutoff cluster still display the

most robust partial correlation coefficients between

TC intensity change and EFC magnitude. These results

emphasize the complex relationship between TC in-

tensity change and EFC, as the sign of the correlation

coefficient is not consistent in all clusters, even after

accounting for the influence of vertical wind shear.

9. Conclusions

TCs that undergoRI are routinely associatedwith large

forecast errors. TC intensity forecasts are further com-

plicated when a TC interacts with an upper-tropospheric

trough, as such environments are typically associatedwith

unfavorable environmental conditions (e.g., Hanley et al.

2001); however, upper-tropospheric troughs can provide

unique forcing for TC convection and intensification

(Molinari and Vollaro 1989; Bosart et al. 2000; Fischer

et al. 2017). This study sought to address the ‘‘good

trough/bad trough’’ dilemma by investigating whether

certain upper-tropospheric trough configurations are

more favorable for RI than others. This study also aimed

to identify whether the environmental and convective

characteristics favorable for RI displayed dependen-

cies on the upper-tropospheric trough morphology. The

following list identifies the key results of this analysis:

d Similar upper-tropospheric troughmorphologies were

identified through the implementation of a k-means

clustering algorithm in conjunction with t-distributed

stochastic neighbor embedding (t-SNE), a machine-

learning, dimensionality-reduction technique. Three

clusters of unique upper-tropospheric trough morphol-

ogies were identified: the cutoff cluster, NW trough

cluster, and NE trough cluster.
d Significantly greater rates of TC intensification were

observed to occur for TCs in the cutoff cluster than the

remaining two TC–trough configuration clusters. Ad-

ditionally, TCs in the cutoff and NE trough clusters

were nearly twice as likely to undergo RI than TCs in

the NW trough cluster.
d Differences in the troughmorphologies ofRI and non-

RI episodes in each TC–trough cluster were exam-

ined via composite analysis. As a whole, composites

of RI episodes tended to be associated with upper-

tropospheric troughs of shorter zonal wavelengths,

especially at the base of the trough, and greater up-

stream TC–trough displacement. The presence of a

cutoff low approximately 500–1000km to the south-

west of the TC appears to be a favorable configura-

tion for RI, which is consistent with case studies of

the RI of Hurricane Elena (1985) and Tropical Storm

Danny (1985) performed by Molinari et al. (1995) and

Molinari et al. (1998), respectively.
d In each trough cluster, RI episodes were found to

be associated with significantly less ventilation of the

TC with low-entropy environmental air. Some of the

environmental conditions favorable for RI were found

to depend on the TC–trough configuration cluster.

Specifically, the distribution of MPI for RI episodes in

the cutoff cluster was associated with relatively similar

distributions as non-RI episodes in the NW and NE
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trough clusters. These results indicate the anomalous

thermodynamic environmental conditions, relative to

similar TC–trough configurations, may be more im-

portant for RI than simply the observed MPI.
d For the first time, a climatological analysis of the

relationship between the convective structure of TC–

trough interactions and the rate of TC intensification

was performed. Here, the convective normalization

technique of Fischer et al. (2018) was employed. In

each trough cluster, RI episodes were associated with

significantly lower anomalous IR brightness temper-

ature as well as anomalously large frozen hydrometeor

content, consistent with anomalously vigorous deep

convection (Wilheit 1986; Vivekanandan et al. 1991;

Harnos and Nesbitt 2016), within 100–200km of the

TC center.
d This analysis did not find a robust or consistent rela-

tionship between EFC at the onset of an intensity

change episode and RI. Additionally, EFC magni-

tudes for TCs in the cutoff cluster would not have

satisfied the criteria for a TC–trough interaction im-

posed by previous studies (e.g., DeMaria et al. 1993;

Hanley et al. 2001; Peirano et al. 2016). The findings

of this analysis raise the question of whether EFC

is a suitable metric to comprehensively identify TC–

trough interactions, and whether changes in EFC

may be a response to intensity changes caused by

other means.
d TCs in environments with a nearby upper-tropospheric

trough are associated with significantly weaker intensi-

fication rates and lower RI occurrence rates than TCs

in environments devoid of upper-tropospheric troughs.

Likewise, TCs interacting with upper-tropospheric

troughs were characterized by significantly weaker

convection, as diagnosed by IR and passivemicrowave

satellite imagery.

Despite the utility of employing t-SNE in tandemwith

k-means clustering to identify three groups of upper-

tropospheric trough morphologies, in reality, a range

of different ‘‘flavors’’ of TC–trough interactions is ob-

served. As such, the results of this study may oversimplify

the upper-tropospheric trough characteristics favorable

for RI. Additionally, since each 24-h TC intensity change

episode in the presence of an upper-tropospheric trough

was viewed as a unique entity, it is possible—if not

likely—that for a given, prolonged, TC–trough interac-

tion event, the upper-tropospheric trough morphology

may fall into multiple different clusters over the lifetime

of the event. Hypothetically, as a trough approaches from

the northwest of the TC (resembling the NW trough

cluster), a trough fracture event may initiate, with the

fractured base of the trough shifting to the southwest of

the TC (resembling the cutoff cluster). Future work

should identify whether certain paths through the t-SNE

parameter space are preferred for RI. Such work could

also incorporate TC–trough interactions in basins outside

of the North Atlantic to determine whether the charac-

teristics favorable for RI have a basin dependency.

Additional future work will explore other potential

trough-induced forcings for convection, beyond the EFC

analysis conducted in this study. Although not shown

here, preliminary work has found RI episodes in the

cutoff cluster are associated with regions of significantly

greater quasigeostrophic ascent than non-RI episodes

in the cutoff cluster, as diagnosed by the differential

advection of vorticity by the thermal wind (e.g., Fischer

et al. 2017). The relationship between the anomalously

vigorous convection observed in RI episodes and a

more complete form of the quasigeostrophic omega

equation, such as an extension of theQ-vector form of

quasigeostrophy to alternative balance (e.g., Davies-

Jones 1991; Riemer et al. 2014), will be examined.

Other limitations of this analysis should also be noted.

Although the greater convective activity associated with

RI events was generally found to be consistent with

more favorable environmental conditions, the relatively

coarse resolution of the reanalysis used within this study

prevents the examination of the specific pathways by

which environmental conditions, such as vertical wind

shear and dry air, affect TC convective structure. Future

work will utilize high-resolution ensemble simulations

of an observed RI event in the presence of an upper-

tropospheric trough to glean how the environment af-

fects the TC vortex- and convective-scale structures and,

in turn, the rate of TC intensification.
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