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ABSTRACT

Cool-season occurrences of blocks, extratropical cyclones that undergo explosive cyclogenesis, and tropical

cyclones (TCs) that undergo extratropical transition (ET) from 1980 to 2015 are analyzed using the National

Aeronautics and SpaceAdministration’sModern-EraRetrospectiveAnalysis for Research andApplications,

version 2, dataset. These synoptic events are first examined in a climatological analysis that includes identi-

fying consecutive synoptic events, namely, blocks that follow bombs or ET events as well as extratropical

cyclones that follow ET events. These synoptic events are then analyzed with respect to three tropical modes

of variability: the Madden–Julian oscillation (MJO), El Niño–Southern Oscillation, and the stratospheric

quasi-biennial oscillation (QBO). The QBO was considered from both a momentum and thermal point of

view, using the equatorial 30-hPa zonal-mean wind and the equatorial zonal wind shear between 30 and

50 hPa, respectively. The results show that in the seven days prior to cool-season blocks and ET events, there

is a statistically significant frequencyminimum inMJO phases 7 and 3, respectively.With respect to theQBO,

there is a statistically significant frequency maximum in neutral QBO conditions during bomb onset and a

frequency minimum during ET onset. When stratifying bombs by latitude, there is a significant reduction in

Arctic (i.e., poleward of 558N) bomb onset during easterly QBO conditions. The results show that both

tropospheric and stratospheric tropical modes of variability can modulate the frequency of extratropical

synoptic events to a similar degree.

1. Introduction

Extreme extratropical weather can occur in conjunc-

tion with a variety of synoptic-scale phenomena including

rapidly deepening extratropical cyclones, persistent high-

amplitude ridges, and the extratropical transition (ET) of

tropical cyclones (TCs). Extratropical cyclones that rap-

idly deepen are known as bombs and can bring hurricane-

forcewinds, heavy precipitation, and cold-air outbreaks to

the extratropical regions (e.g., Sanders andGyakum 1980;

Bosart and Lin 1984; Kocin et al. 1995). Persistent high-

amplitude ridges, or blocks, prevent the normal eastward

progression of synoptic-scale disturbances along the

extratropical Rossby waveguide and are associated

with anomalous meridional shifts in storm tracks (e.g.,

Nakamura and Wallace 1990). A TC is said to have

undergone ET if it moves poleward, interacts with the

extratropical flow, and acquires the baroclinic charac-

teristics of an extratropical cyclone (Evans et al. 2017).

Often, these posttropical cyclones maintain a link to

tropical moisture and have the potential to substantially

impact the midlatitude weather. Not only can bombs,

blocks, and the ET of TCs produce hazardous weather

locally, but they can also perturb the extratropical

Rossby waveguide in such a way to produce nonlocal

impacts. These nonlocal impacts include variability in

both the tropospheric weather downstream (e.g.,

Archambault et al. 2013; Torn and Hakim 2015; Grams

and Blumer 2015) and, in some instances, the strato-

spheric circulation (e.g., Martius et al. 2009; Colucci and

Kelleher 2015; Coy and Pawson 2015).

Low-frequency variability, ranging from subseasonal-

to-seasonal time scales, can impact the distribution and

frequency of the aforementioned synoptic events relative to

climatology. For example, Gollan and Greatbatch (2017)
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suggest that the Madden–Julian oscillation (MJO), El

Niño–Southern Oscillation (ENSO), and the oscillation

of the sign of the equatorial upper-tropospheric zonal-

mean zonal wind, are each associated with different

spatial distributions of blocking in the extratropical

Northern Hemisphere. The mechanisms that explain

these relationships are associated with teleconnections.

For example, during enhanced phases of MJO equato-

rial convection, anticyclonic Rossby wave gyres form off

the equator and to the west of the location of enhanced

convection (Salby and Hendon 1994; Zhang 2005). The

opposite occurs during suppressed phases of the MJO—

cyclonic Rossby wave gyres form to the west of the

location of suppressed convection. These Rossby wave

gyres can facilitate or suppress tropical–extratropical

interaction and thus impact the extratropical flow on a

global scale (e.g., Kiladis and Weickmann 1992; Higgins

and Mo 1997; Matthews et al. 2004). Henderson et al.

(2016) showed that all eight phases of the MJO are as-

sociated with robust differences in Northern Hemisphere

distributions of blocking. The MJO can influence the ex-

tratropics to produce large-scale circulation anomalies,

such as those represented by the Arctic Oscillation (e.g.,

L’Heureux and Higgins 2008) as well as impact synoptic

flow regimes, including those favorable for U.S. tornado

outbreaks (Thompson and Roundy 2013).

The tropical Pacific sea surface temperature variabil-

ity explained by the phase of ENSO can also influence

extratropical synoptic events. The impact of ENSO on

the midlatitudes is well documented, from influencing

the Pacific–NorthAmerica pattern to shifting precipitation

and temperature patterns across North America (e.g.,

Ropelewski andHalpert 1986; Trenberth et al. 1998).With

respect to blocks, studies have suggested an increase in

the frequency of Pacific blocking during La Niña years

(Renwick and Wallace 1996; Wiedenmann et al. 2002).

With respect to ET events, Wood and Ritchie (2014)

concluded that in the east Pacific basin, ET events occur

more frequently during periods of El Niño conditions,

while Hart and Evans (2001) showed that the fre-

quency of Atlantic ET events decreases during El

Niño conditions.

The sign of the equatorial lower-stratospheric zonal-

mean zonal winds, largely described by the quasi-biennial

oscillation (QBO; Baldwin et al. 2001), has been shown to

influence the sign of the northern annularmode (e.g., Gray

et al. 2018). During the easterly wind phase of the QBO,

Northern Hemisphere polar cap heights are significantly

higher and polar cap temperatures are significantly

warmer. The QBO can also impact the midlatitude storm

tracks and preferred regions of Rossby wave breaking

(e.g., Holton and Tan 1980; Tinsley 1988; Labitzke and

Loon 1989; Asbaghi et al. 2017; Wang et al. 2018).

The mechanisms that underpin these tropical–

extratropical QBO relationships remain unclear (e.g.,

Garfinkel et al. 2012). Since the QBO describes strato-

spheric tropical variability, its relationship with the

tropospheric extratropics has not been explored in the

literature as thoroughly as the MJO and ENSO im-

pacts on the extratropical weather.

Motivated by the high-impact nature of blocks,

bombs, and ET events and their relationship with low-

frequency tropical variability, this study creates and ana-

lyzes climatological distributions of these synoptic events

in a new reanalysis dataset: the National Aeronautics and

Space Administration’s (NASA) Modern-Era Retrospec-

tive Analysis for Research and Applications, version 2

(MERRA-2; Bosilovich et al. 2015). First, the distribution

and frequency of the synoptic events in the MERRA-2

reanalysis dataset is presented to provide context for the

subsequent analysis of the relationship between the

synoptic events and tropical low-frequency variability.

The goal of this analysis is to answer the following

research questions:

1) What is the climatological distribution of cool-season

blocks, bombs, and ET events in the MERRA-2

dataset?

2) Do the phases of MJO, ENSO, and QBO influence

the frequency of block-onset, bomb-onset, and ET

days?

3) Is the influence of tropical stratospheric variability

(e.g., the QBO) comparable to the influence of

tropical tropospheric variability (e.g., the MJO and/

or ENSO) on the frequency and distribution of the

identified sets of extratropical synoptic events?

The remainder of the paper is organized as follows:

section 2 provides an overview of the datasets used and

the methodologies employed for the creation of the case

lists and statistical significance testing. Section 3 outlines

the climatological distribution of the events and puts

them into the context of the previous literature. Section

4 examines the statistical relationship between the

tropical modes of variability and the extratropical syn-

optic events. Section 5 concludes with a summary and

discussion of the analysis.

2. Data and methods

a. Data

The primary dataset used in this study is NASA’s

MERRA-2 dataset [Global Modeling and Assimilation

Office (GMAO 2015)]. The MERRA-2 dataset is an up-

dated version of the original MERRA dataset (Gelaro

et al. 2017); for details on the upgrades to the MERRA-2
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from the originalMERRAdataset the reader is directed

to Rienecker et al. (2011). MERRA-2 has a horizontal

resolution of 0.6258 3 0.58 and a vertical resolution of 72

levels up to 0.01 hPa. This study utilizes 6-hourly

MERRA-2 data interpolated to pressure surfaces, of

which there are 42.

The case lists of blocks and bombs were created using

the MERRA-2 dataset for the Northern Hemisphere

cool season, defined as October–April, for the period of

1980–2015. The case list of ET events was obtained for

the same period using the National Centers for Envi-

ronmental Information’s International Best Track Ar-

chive for Climate Stewardship (IBTrACS) data, version

3.7 (Knapp et al. 2010a, b). The cool season is used in this

study to focus on the period when the extratropical

waveguide is the most active.

The MJO (Madden and Julian 1971), which is charac-

terized by an eastward-propagating center of convection

near the equator with a period of about 30–60 days, is

defined using the Real-time Multivariate MJO (RMM)

index ofWheeler andHendon (2004). Table 1 outlines the

eight phases of the MJO from this index and their corre-

sponding locations. The MJO phase and magnitude data

were obtained from theAustralianBureauofMeteorology

(www.bom.gov.au/climate/mjo). Thephase andmagnitude

of the MJO can change on a daily basis and, via tele-

connections, impact different regions of the extratropics at

different lag periods, thus the analysis considers the MJO

phase and magnitude over two 7-day periods prior to each

date considered in the analysis. The first 7-day period is the

week prior to each event date (i.e., lag days 27 to 21),

hereafter MJO7to1. The second 7-day period is two weeks

prior to each event date (i.e., lag days 214 to 28), here-

after MJO14to8. If the MJO amplitude, as defined by the

RMM index in a 7-day period, was ,1 more frequently

than it was .1, then the MJO was characterized as

‘‘weak,’’ otherwise the statistical mode of the MJO phase

was used to define the phase of the MJO for the 7-day

period. If two or more phases shared the mode, then the

MJO phase for the 7-day period was defined as the modal

phase with the largest MJO amplitude. Only the results

from MJO7to1 will be shown as it had the most robust re-

lationship with the extratropical synoptic events.

ENSO describes the coupled atmosphere–ocean var-

iability in the equatorial Pacific Ocean (e.g., Wang and

Fiedler 2006). For this analysis the sea surface temper-

atures (SSTs) in the Niño-3.4 region, which is a box

centered on the equator and 1458W, was used to define

the 5 phases of ENSO explored in this analysis (Table 2).

SST anomalies ,20.58C correspond to La Niña condi-

tions and SST anomalies .0.58C correspond to El Niño
conditions. Niño- 3.4 data were obtained from the Cli-

mate Prediction Center (CPC; www.cpc.ncep.noaa.gov/

products/precip/CWlink/MJO/enso.shtml).

The QBO describes an oscillation in the sign of the

zonal winds in the equatorial stratosphere, in which

layers of easterlies or westerlies form first in the upper

stratosphere then descend to the lower stratosphere

with a period of about 28 months (Baldwin et al. 2001).

This analysis considers the QBO from two perspectives.

First, the equatorial zonal-mean wind at 30 hPa was used

to determine the phase of the QBO as westerly, neutral,

or easterly. Second, phases of QBO vertical shear were

defined as westerly, neutral, and easterly by the differ-

ence in the equatorial zonal-mean wind between 30 and

50 hPa. The QBO vertical shear is related, via the ther-

mal wind relationship, to zonal-mean temperature

anomalies that can have magnitudes up to 3K. The use

of two QBO indices allows for the analysis to con-

sider both the momentum (i.e., QBO index) and the

thermal (i.e., QBO shear) anomalies associated with the

QBO. TheQBOwind data were obtained from the CPC

(www.cpc.ncep.noaa.gov/data/indices/). While there is

no consistent vertical level or threshold used to quantify

the QBO in the literature, this study defined the QBO

and QBO-shear phase thresholds to obtain an approxi-

mately even distribution of dates between the three

phases. Table 3 quantifies the phases of the QBO and

the QBO-shear categories used in the analysis. Both sets

of QBO phase definitions take into account the clima-

tological differences in themagnitudes of easterly versus

westerly shear layers.

b. Synoptic event identification

There are myriad ways blocks can be identified.

Some methodologies use a one-dimensional criteria to

identify ‘‘blocked’’ longitudes at a given latitude (e.g.,

TABLE 1. Phases of the MJO and corresponding convection

locations as in Wheeler and Hendon (2004).

Phase(s) Location of convection

1 Western Hemisphere and Africa

2 and 3 Indian Ocean

4 and 5 Maritime Continent

6 and 7 Western Pacific

8 Western Hemisphere and Africa

TABLE 2. Phases of ENSO based on Niño-3.4 SST anomaly.

Phase Niño-3.4 SST anomaly

Strong La Niña T # 21.08C
Weak La Niña 21.08 # T , 20.58C
Neutral 20.58 # T , 0.58C
Weak El Niño 0.58 # T , 1.08C
Strong El Niño T $ 1.08C
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Tibaldi and Molteni 1990, hereafter TM90; Pelly and

Hoskins 2003) while others utilize a two-dimensional

criteria to identify blocked regions at any latitude (e.g.,

Masato et al. 2013; Henderson et al. 2016). Blocks have

also been identified using different variables to determine

the blocked regions, including geopotential height (e.g.,

TM90; Barriopedro et al. 2006), and potential vorticity

(PV; e.g., Pelly and Hoskins 2003; Schwierz et al. 2004;

Berrisford et al. 2007). Though different numbers of

blocks are identified with these different methodologies,

the analyses consistently show block frequency maxima

in the western North Pacific and Euro-Atlantic region.

For this analysis, blocks were identified following

TM90, with some additional constraints motivated by

other blocking definitions. The TM90 blocking identifi-

cation methodology utilizes the 500-hPa geopotential

height field and identifies instantaneous blocked longi-

tudes by calculating the geopotential height gradient to

the north (GHGN) and the geopotential height gradient

to the south (GHGS) of specific latitudes, where GHGN

and GHGS are defined as follows:

GHGN5
Z(f

n
)2Z(f

o
)

(f
n
2f

o
)

and

GHGS5
Z(f

o
)2Z(f

s
)

(f
o
2f

s
)

.

In the above equations, Z is the geopotential height

and f is latitude, where fn 5 808N1 d, fo 5 608N1 d,

fs 5 408N1 d, and d5 f248, 08, 48g. Blocks are thus

identified at 568, 608, and 648N when the following

two criteria are met: 1) GHGS . 0m (8latitude)21 and

2) GHGN , 210m (8latitude)21.

Additional constraints were added to the TM90 blocking

methodology to identify blocks that spanned multiple lon-

gitudes and existed for multiple days. Prior to applying the

above criteria to the 500-hPa geopotential height field, a

96-h centered mean was applied to the height field to fol-

low themethods of the real-time blocking identification of

the CPC (Climate Prediction Center 2006). The TM90

definition was then applied to this time-averaged height

field yielding a list of dates, corresponding GHGS

magnitudes, and blocked locations. Figure 1 shows the

frequency distribution of blocked longitudes identified

utilizing this methodology. Comparing this figure to

Fig. 1 in TM90, which shows the distribution of blocked

longitudes from their seminal blocking analysis, shows a

consistent pattern: there is a frequency maximum near

58E in the Euro-Atlantic sector and two secondary

maxima in the western and eastern Pacific basins at

1608E and 1608W, respectively. Both distributions also

show blocking minima near 1008W/8E. For background
on the different blocking definitions that have been

employed in the literature, the reader is directed to

Barriopedro et al. (2010), which includes a comparison

of different blocking definitions and explains that the

TM90 blocking definition is a simple but strict algo-

rithm, only retaining the most robust blocks.

To combine these discrete blocking locations into

coherent events, blocks were defined as blocked longitudes

that were identified at one latitude, spanned $208 of con-
tinuous longitude, lasted $4 days, and overlapped $108
longitude at each time step. These criteria were based on

previous studies, including TM90 (i.e., the 4-day dura-

tion threshold) and Pelly and Hoskins (2003, i.e., the 108
overlapping threshold). The 208 longitudinal expanse fits
within the range of definitions used in previous studies

that identified blocking events, which ranged from 128
longitude (TM90) to 458 longitude (Rex 1950). Blocks

were then listed in order of magnitude according to their

‘‘strength,’’ defined as the average GHGS value of all

instantaneous locations included in the block event.

Next, any block that occurred within 4 days and 608
longitude of a ‘‘stronger’’ event was removed, where the

longitude of the block was defined as the average

TABLE 3. Phases of the QBO.

Phase 30-hPa zonal wind (QBO)

30–50-hPa zonal wind

shear (QBO shear)

Easterly u # 27m s21 uz # 28m s21

Neutral 27 , u # 7m s21 28 , uz # 3m s21

Westerly u . 7m s21 uz . 3m s21

FIG. 1. The frequency of cool-season blocking longitudes iden-

tified with the TM90 blocking criteria in the MERRA-2 dataset.

This figure is an updated version of Fig. 1 from TM90.
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longitude of all the instantaneous locations included in

the block event. These thresholds were included to focus

on the time and location of the maximum GHGS of

blocks that spanned multiple latitudes. The first day a

block was identified by these criteria is used as the block

‘‘onset’’ date in this analysis (i.e., t0). The final blocking

list, provided in dataset S1 of the online supplemental

material, includes 288 events, the locations of which are

outlined in Table 4.

Bombs were identified as rapidly deepening extra-

tropical cyclones with sea level pressure (SLP) minima

that decreased at least 24 hPa in 24h relative to 608N
(Sanders and Gyakum 1980) as follows:

SLP
t124h

2SLP
t0

24 h
3

sin(608)

sin
lat

t124h
2 lat

t0

2

 ! ,

where t0 corresponds to 0000, 0600, 1200, and 1800 UTC

of every day included in the study and lat is the corre-

sponding latitude of the cyclone center. To identify

bombs, all extratropical cyclones that lasted$2 days with

track lengths $1000km were identified using the extra-

tropical cyclone tracking algorithm outlined in Hodges

(1994, 1995). This algorithm uses spectral filtering to

identify extratropical cyclones based on the SLP in the

Northern Hemisphere. From the cyclones identified by

theHodges (1994, 1995) tracking algorithm, only cyclones

that formed poleward of 308N and were classified as

bombs according to the above definition were retained.

If a cyclone had multiple times when the bomb threshold

was reached, the largest SLP decrease in 24h was used to

define the bomb’s strength and to identify the bomb-onset

time. The final case list, provided in dataset S2, includes

2852 bombs; the bomb locations are outlined in Table 4.

ATCwas identified as having undergoneETwhen the

TC was identified as ‘‘extratropical’’ in the IBTrACS

dataset and did not return to a ‘‘tropical’’ classification.

The final list of events, provided in dataset S3, includes

151 ET events; the locations of these events are outlined

in Table 4. Because of the focus of this paper on the cool

season, which is offset from the peak TC season, the

number of ET events included in this analysis is limited

to the end of the Northern Hemisphere TC season.

The strength of each ET event was determined by

quantifying its interaction with the extratropics, following

Archambault et al. (2013). This strength metric is based on

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

the irrotational wind,2vx � =PV in the vicinity of the ET

event. By comparing the strongest versus theweakest cases,

Archambault et al. (2013) showed that TCs associated with

the most negative PV advection by the irrotational wind T
A
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had a larger downstream impact on the extratropical

flow. For consistency, the 250–150-hPa layer is used in

the Pacific and Atlantic basins, with the caveat that this

layer best captures west Pacific TC outflow and is

slightly higher than the average North Atlantic TC

outflow layer. This study considers events classified as

ET events and identifies the time of maximum in-

teraction with respect to the time a TC was defined as

extratropical in the IBTrACS dataset for TCs in the

west Pacific, east Pacific, and Atlantic basins in the

Northern Hemisphere. Following similar methods to

Archambault et al. (2013), the location and time of

maximum extratropical interaction for each ET event

was identified within696 h centered on the time of ET.

This methodology differs from Archambault et al.

(2013) as they looked for the maximum interaction

with respect to the time of recurvature of the TC. The

maximum extratropical interaction is defined as the

most negative value of the PV advection by the irro-

tational wind within that 192-h period. Each event was

subjectively inspected to ensure that the time and lo-

cation of maximum interaction with the extratropical

flow was associated with the irrotational wind origi-

nating near the TC or its remnants (i.e., the cirrus shield

associated with the TC or its remnants). Once the

maximum extratropical interaction time and location

were identified, the PV advection by the irrotational

wind was spatially averaged over a 158 3 158 box cen-

tered on the point of maximum interaction and tem-

porally averaged over a 48-h period centered on the

time of maximum interaction (i.e., t 2 24 through t 1
24 h). The result of this calculation is a metric with units

of potential vorticity units per day (PVU; 1 PVU 5
1026Kkg21m2 s21).

c. Statistical significance testing

Statistical significance was tested using bootstrap resam-

pling to test the following: 1) the frequency distribution of

the phases of the tropical modes of variability on synoptic

event days with respect to all cool-season days, 2) the fre-

quency of the phases of the tropical modes for synoptic

events in particular regions with respect to all events, and

3) the characteristics of the individual synoptic events (e.g.,

block length or magnitude, bomb deepening rate or SLP

minimum, etc.) by phase of tropical mode. Bootstrap

resampling statistical significance testing was also utilized in

consideration of the consecutive event lists such that sta-

tistical significance at the 5% level was tested by randomly

choosing n blocks from all blocks in a region without re-

placement, where n is the number of consecutive blocking

events in that region. This was repeated 10000 times to

establish the 95% confidence of interval of the expected

strength of bomb blocks in each region. If the bomb-block

strength fell outside this confidence interval the strength is

said to be statistically significant at the 5% level.

To explain the methodology for testing the statistical

significance of the frequency distribution of tropical

modes of variability on synoptic-event days with respect

to all cool-season days (i.e., the Northern Hemisphere

synoptic event frequencies analyzed in section 4), the

method for testing the ENSO–block relationship is ex-

plained as an example. First, a subset of 288 (equal to the

total number of identified blocks) cool-season days were

randomly chosen from all cool-season days included in

the study (n5 7428), without replacement. These 288

random days were then partitioned by ENSO phase and

counted. This process was repeated 10 000 times to es-

tablish the 95% confidence interval of the expected

number of cool-season days in each ENSO phase for the

given subset size. If the number of observed blocks in an

ENSO phase was not within the expected 95% confi-

dence interval of that ENSO phase, then the number of

blocks in that phase is said to be statistically significant at

the 5% level with respect to all cool-season days. This

process was repeated for each synoptic event (i.e.,

blocks, bombs, and ET events) and each tropical mode

of variability (i.e., MJO, ENSO, QBO, andQBO shear).

For comparison across modes of variability, all numbers

were converted to frequency in the analysis.

To explain the statistical significance testing method-

ology for events partitioned by location and tropical

mode of variability, the methodology for testing the

statistical significance of the relationship between the

MJO7to1 and blocks that occurred between 908E and 1808
(n5 64) is used as an example. First, a random sampling of

64 blocks was chosen from all 288 blocks. These 64 blocks

were partitioned and counted by phase of the MJO. This

was repeated 10000 times to establish the 95% confidence

interval of the expected number of blocks in each phase. If

the observed number of blocks in a phase and region was

not within the 95% confidence interval of all blocks in that

region for the given sample size, the observed number of

blocks in that phase and region is said to be statistically

significant at the 5% level with respect to all blocks.

Statistical significance for the characteristics of the syn-

optic event (e.g., block length, ET latitude, etc.) was calcu-

lated by randomly choosing the number of events in each

tropicalmodephase fromall synoptic events of that type and

calculating the 95% confidence interval of the characteristic.

3. Climatological analysis

a. Blocks

Of the 288 identified blocks, 77 (26.7%) were in the

European region and 63 (21.9%) were in the Atlantic

524 MONTHLY WEATHER REV IEW VOLUME 147

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 03/08/22 09:37 PM UTC



region (Table 4 and Fig. 2b), where the bounds for each

region are outlined in Table 4. Together, the Europe and

Atlantic regions contain 48.6% of all the identified

blocks. Consistent with TM90, the Pacific sector con-

tained two secondary maxima in blocking frequency,

with 54 (18.8%) and 50 (17.4%) blocks identified in the

western and eastern Pacific, respectively. The remaining

15% of the blocks are evenly distributed between North

America and Asia (Table 4 and Fig. 2a). The latitude of

blocks is unevenly distributed between basins. Blocks in

the Euro-Atlantic sector were identified at all three

blocking latitudes, but in the Pacific region, the vast

FIG. 2. (a) The density of the blocking events (n5 288) shown at the corresponding average

longitude of blocks identified at 568, 608, and 648N (shaded) within 250 km of shaded region.

(b) The distribution of the ‘‘strength’’ of blocks [i.e., the geopotential height gradient to the

south of the blocked latitude (GHGS)] by region, where the 25th and 75th percentiles

are represented by the bottom and top of the box, respectively, the 5th and 95th percentiles

are represented by the whiskers, the median is represented by the center line, and the mean is

represented by the black dot. The bounds of the regions used in the box-and-whisker plots

correspond to those outlined in Table 4. (c) The interannual variability in the frequency of

identified blocking events. A three-season runningmean has been applied to the data thus the

first (1980/81) and last (2014/15) seasons are not plotted. Frequency is defined by dividing the

number of identified blocks by number of: cool-season days (black), October–November days

(red), December–January–February days (purple), or March–April days (blue) per season.
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majority of blocks were identified at the farthest north

blocking latitude, 648N (Fig. 2a).

Figure 2b shows that Europe had, on average, the

weakest blocks with a mean GHGSmagnitude of 0.51m

(8latitude)21 and the 95th percentile of the magnitude

near 1.5m (8latitude)21. The Atlantic sector however,

had a mean GHGS magnitude of 1.6m (8latitude)21

with the 95th percentile of the magnitude nearing 6.0m

(8latitude)21. The blocks identified in the western and

eastern Pacific basins accounted for the strongest blocks,

with mean GHGS magnitudes of 1.98m (8latitude)21

and 5.91m (8latitude)21, respectively. These different

mean magnitudes by location show that, on average,

blocks that occur in Europe are the weakest of all

regions.

With respect to the interseasonal variability of blocks,

the 1996/97 season had the largest frequency of identi-

fied blocks (0.05 blocks day21) while the 1982/83 season

had the smallest frequency of identified blocks (0.024

blocks day21; Fig. 2c). A 3-yr running mean has been

applied to the data to smooth out differences associated

with the large-scale variability (e.g., tropical interannual

variability). The smoothed data were used to calculate a

trend in the cool-season blocking frequency, which was

negative but not statistically significant (r2 value5 0.08).

This lack of an interannual trend in blocking frequency

is consistent with Barnes et al. (2014) who also showed

that there was no significant trend in blocking frequency

regardless of blocking index employed. The largest

subseasonal frequency of blocks occurred in March and

April (0.045 blocks day21) closely followed by Decem-

ber, January, and February (0.041 blocks day21; Fig. 2c).

October andNovember had a notably smaller frequency

of blocks, 0.028 blocks day21, than the other subseason

categories. The interannual variability of each cool-

season subseason category does not show a trend with

time, although, there is a notable October and November

minima in the frequency of blocking events in from the late

1990s to the late 2000s (Fig. 2c). This early season

blocking minima in the mid-1990s is compensated by

blocking frequency maxima in the Pacific, North

America, andAsia (i.e., approximately 20%of all blocks

identified in each region; not shown) from December to

April (Fig. 2c).

b. Bombs

Bombs climatologically occur on the poleward side of

the storm track in the western ocean basins, with a sec-

ondary maximum in the exit region of the storm track

(e.g., Sanders and Gyakum 1980; Roebber 1984; Chen

et al. 1992; Lim and Simmonds 2002). Consistent with

prior research, the largest number of bombs identified

in this study was in the west Pacific region, which

accounted for 1082 (37.9%) of the 2852 identified bombs

(Table 4; Figs. 3a,b). A secondary bomb maximum was

located in theAtlantic, which accounted for 674 (23.6%)

of the 2852 identified bombs (Table 4). This distribution

is consistent with Sanders and Gyakum (1980, their

Fig. 3) who analyzed three winter seasons and also

showed bomb frequency maxima in the western Pacific

and Atlantic. In the Atlantic, the bomb-onset frequency

maximum is located just off the coast of North America

between 358 and 458N, while the track frequency maxi-

mum is located to the northeast of the bomb-onset maxi-

mum, near 438N and 658W (Fig. 3a). The track frequency

maximum then continues northeast, curving northward off

the east coast of Greenland just west of 308W. The bomb-

onset frequency maximum stays mainly to the south of the

track frequency maximum, suggesting that cyclones that

rapidly deepen over the western North Atlantic typically

continue northeastward. There is a similar pattern in the

west Pacific: the bomb-onset frequency is maximized off

the east coast of Japan and the track frequency maximum

continues northeastward, curving northward just before

the date line (Fig. 3a).

As determined by the 24-h SLP change (i.e., bomb

strength), the strongest bombs occurred in the Atlantic,

west Pacific, and North American sectors, with a mean

rates of SLP decrease of 34.4 hPa (24 h)21, 34.2 hPa

(24h)21, and 34.1 hPa (24h)21, respectively (Fig. 3b).

These maxima were followed closely by east Pacific

bombs, which has a mean rate of SLP decrease of

31.7 hPa (24 h)21. This suggests that while the most ex-

plosive cyclogenesis typically occurs over water (i.e., the

Pacific and Atlantic), explosive cyclogenesis of a similar

magnitude frequently occurs in North America. Other

than North America, the average bomb strength of each

region is statistically significant at the 5% level with

respect to a bootstrap resampling test of the same

number of bombs in that region chosen from all identi-

fied bombs without replacement repeated 10 000 times.

The east Pacific, European, and Asian regions all have

statistically significant smaller 24-h SLP decreases than

expected. This suggests that the mean bomb strength in

each region is statistically independent of all Northern

Hemisphere cool-season bombs.

The interannual variability of Northern Hemisphere

bomb frequency showed three seasons with the mini-

mum number of identified bombs (0.33 bombsday21):

1983/84, 1994/95, 2008/09 (Fig. 3c). The 1999/2000

season had the largest number of identified bombs

(0.46 bombsday21). The smoothed data were used to

calculate a trend in the cool-season bomb frequency,

which was near zero and not statistically significant (r2

value of 0.0004). With respect to the intraseasonal var-

iability, the highest frequency of bombs occurred in
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December, January, and February (0.49 bombsday21;

n5 1557) followed by October and November

(0.33 bombsday21; n5 698) and then March and April

(0.28 bombsday21; n5 597; Fig. 3c). This differs from

the intraseasonal variability of blocking. While bomb-

onset frequency has a maximum in the middle of the

winter season (when themeridional temperature gradients

are maximized), block-onset frequency is maximized dur-

ing the transition from winter to summer (Figs. 2c and 3c).

c. ET events

Table 4 shows that over half of the cool-season ET

events were identified in the western Pacific basin [i.e.,

80 (53%) of the 151], while 59 (39.1%) events were

identified in the Atlantic basin and 12 (7.9%) in the

eastern Pacific. The spatial distribution of the TC tracks

that underwent ET in the western Pacific suggests that

most ET events recurve (i.e., there is a change in motion

from westward to eastward) as the TC approaches Asia

(Fig. 4a). These west Pacific ET events have a clear re-

curvature location between 1208 and 1508E near 208N,

while the Atlantic TCs do not have a defined location of

recurvature (Fig. 4a). The average strength of the west

Pacific ET events (defined as the extratropical in-

teraction metric) has the largest magnitude of all the

basins with a value of 20.95 PVUday21 (Fig. 4b). ET

events that occurred in the Atlantic and east Pacific

had average extratropical interaction metrics of 20.58

FIG. 3. As in Fig. 2, but in (a) for the tracks of cyclones that qualify as bombs (n5 2852;

shaded) and the density of bomb-onset location (black contours of n5 25, 35, and 45) and in

(b) for the strength of bombs (i.e., the magnitude of 24-h SLP decrease).
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and 20.37 PVUday21, respectively (Fig. 4b). These

differences in interaction metrics are also highlighted by

the value of the 5th percentile of the metric in each

basin, which is approximately 21.5 PVUday21 for

Atlantic ETs and nearly 22.4 PVUday21 for western

Pacific ETs (Fig. 4b). Despite this study only analyzing

cool-season ET and using a higher-resolution dataset,

while Archambault et al. (2013) analyzed all recurving

western North Pacific TCs, this range of west Pacific

ET extratropical interaction is still consistent with

Archambault et al. (2013). The range of the strongest

extratropical interaction for recurving midlatitude

TCs in Archambault et al. (2013) was between 21.62

and22.58 PVUday21. Themean extratropical interaction

for Atlantic and east Pacific ETs falls within range of the

20 recurving west Pacific TCs with the weakest extra-

tropical interaction analyzed inArchambault et al. (2013), a

result in part caused by the preferred lower outflow layer

of Atlantic and east Pacific ETs. The values here are

slightlyweaker but consistentwith Pantillon et al. (2015)who

calculated the maximum midlatitude interaction of three

North Atlantic ET events on the 330-K isentropic level.

Figure 4c is used to examine the interannual vari-

ability in Northern Hemisphere ET occurrence. The

smallest number of identified cool-season ET events in a

season was one, which occurred in both 1982/83 and

FIG. 4. As in Fig. 2, but in (a) for TC tracks that underwent ET (n5 151) and (b) the

strength of ET events (i.e., the associated maximum extratropical interaction; the calculation

is described in the text).
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1983/84, corresponding to a frequency of 0.01 ET

events day21. The most identified ET events in a season

were nine, which occurred in the 1991/92 season, cor-

responding to a frequency of 0.03 ET events day21

(Fig. 4c). The smoothed data were used to calculate a

trend in the cool-season ET frequency, which was

positive but not statistically significant (r25 0.05). Un-

surprisingly, the intraseasonal variability of ET events is

dominated by October and November (0.063 ET

events day21; n5 134), with only 13 events in the De-

cember, January, and February (0.004 ET events day21)

and 4 events inMarch andApril (0.002 ET events day21;

Fig. 4c). Interestingly, three out of the four ET events

that occurred in March and April occurred between

2003 and 2005; two of these were west Pacific TCs, with

one Atlantic TC (Ana in 2003).

d. Blocks downstream of bomb and ET events

Though blocks, bombs, and ET events have been

primarily analyzed separately, a number of studies have

also examined the coupled relationships between these

synoptic phenomena. Lupo and Smith (1995) examined

63 blocking events and found that all were preceded by

an identifiable surface cyclone, with 34 of the 63 blocks

(59%) preceded by cyclones that rapidly intensified as

bombs. Their results suggested that the intensity of a

block is correlated with the deepening rate (i.e., SLP

decrease) of the precursor cyclone. Colucci and Alberta

(1996) found that the planetary-scale midlatitude west-

erlies were weaker during periods of bombs followed by

blocks compared to periods of blocks without a pre-

cursor bomb, suggesting that low-frequency variability

may impact the bomb–block relationship. This portion

of the analysis builds upon this previous literature by

examining climatologies of several combinations of

consecutive synoptic event types.

Of the 288 identified blocks, 183 (63.5%) occurred

within 5 days and 608 downstream of a point on one of

the 2852 bomb cyclone tracks (Table 4). These 183

blocking events are referred to as bomb blocks in this

analysis. Of these 183 bomb blocks, 89 (48.6%) followed

more than one rapidly deepening cyclone (Table 4).

Other than Asian blocks, west Pacific blocks had the

lowest percentage of blocks with a preceding bomb

(Table 4). Consistent with Lupo and Smith (1995), the

strength of all Northern Hemisphere bomb blocks is

statistically significantly stronger at the 5% level than a

random sampling of all blocks, suggesting that blocks

that follow a rapidly deepening cyclone are stronger

than a random sampling of blocks. This relationship

holds true for both west Pacific and east Pacific blocks

but Atlantic bomb blocks are statistically significantly

weak (Table 4).

The track frequency of the bombs associated with

bomb blocks shows a maximum in the Atlantic sector to

the southeast of Greenland (Fig. 5a), which is at the end

of the track frequency maximum of all bombs (Fig. 3a).

In the Pacific sector, the dominate track frequency

maximum is located off the coast of Japan, collocated

with the track frequencymaximumof all bombs (Figs. 3a

and 5a). There is a secondary track frequency maximum

in the Bering Sea for bombs associated with bomb

blocks (Fig. 5a). In the Euro-Atlantic sector blocks oc-

cur, on average, within 88N of the average bomb cyclone

track, with European blocks occurring, on average, only

38N of the average bomb cyclone track (Fig. 5b). At-

lantic blocks occur zonally closer to their upstream av-

erage bomb tracks (i.e., within 328) than European

blocks, which occur on average 418 downstream of their

average upstream bomb track. Pacific blocks occur, on

average, farther north of their respective upstream

bomb tracks than Euro-Atlantic blocks (158 and 168N
for west and east Pacific bombs, respectively; Fig. 5b).

West Pacific blocks, however, are zonally closer to their

average upstream bomb tracks than Euro-Atlantic

blocks, as west Pacific blocks are, on average, only 198
downstream. This disparity in the meridional difference

between Pacific bomb blocks and Euro-Atlantic bomb

blocks and their associated upstream bomb tracks is

attributed to both the blocking threshold used and the

different latitudes of the bomb tracks between basins.

Themajority of west Pacific blocks were identified at the

farthest north blocking latitude, 648N, while European

blocks were identified at 568, 608, and 648N. The west

Pacific bomb track frequency maximum is located near

358N while the Atlantic track frequency maximum is

located near 508N (Fig. 5a). Considering the block lati-

tude and the bomb track frequency maximum together

results in west Pacific blocks that are located farther

north of their upstream bombs. There is also a zonal

difference between regions, such that European and east

Pacific blocks are located farther downstream of their

average upstream bomb tracks than west Pacific and

Atlantic blocks (Fig. 5b). This zonal disparity between

regions is attributed to the preference for bombs to oc-

cur over water in the western basins, thus Atlantic and

west Pacific blocks are zonally closer to their upstream

bombs while east Pacific and European blocks are far-

ther downstream from their upstream bombs. This dis-

parity in the zonal difference between blocks and their

upstream bombs by blocking location is consistent with

Lupo and Smith (1995) who reported that bombs that

preceded blocks typically occurred over ocean basins.

Using an idealized modeling study, Riemer et al.

(2008) showed that an ET event can have downstream

impacts including both downstream ridging and the
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rapid development of a surface cyclone. Of the 288

blocks identified in this study, 16 blocks occurred

downstream of a point on the track of ET events; these

blocks will hereafter be referred to as ET blocks. These

16 ET blocks were associated with 19 ET events

(Fig. 6a). Although the most ET events occurred in the

western Pacific, only 6 (31.6%) of the 19 ET events that

were associated with a downstream block occurred in

the western Pacific (Fig. 6a). One event in the western

Pacific, Typhoon Prapiroon in 2012, was associated with

two downstream blocks (Fig. 6a). A total of 10 ET

blocks were located in the Euro-Atlantic sector and

were associated with 13 ET events. This means that

ridges that form downstream of west Pacific ET events

are more likely to be short-lived features while ridges

that form downstream of Atlantic ET events are more

likely to persist for days—these persistent ridges can

have serious implications for European weather.

The average block strength of the ET blocks in the

western Pacific and Europe are statistically significantly

weaker at the 5% level than expected from a bootstrap

resampling of all western Pacific and European blocks,

respectively (Table 4). This suggests that blocks that

form downstream of ET events tend to be weaker than

blocks that form independent of ET events. The average

extratropical interaction metric of the ET events asso-

ciated with ET blocks are statistically indistinguishable

from all ET events in their respective region, meaning

that the magnitude of the extratropical interaction

metric associated with ET events is not a necessarily

indicative of whether a block will develop downstream.

In both the Pacific and the Euro-Atlantic sectors,

blocks occurred on average about 308 to the north of the

average of all points on their upstream ET track

(Fig. 6b). In the Euro-Atlantic sector the blocks oc-

curred on average 388 longitude downstream of the av-

erage ET track, whereas in the Pacific sector, blocks

occurred on average 278 longitude downstream of the

average ET track. For both extratropical and tropical

cyclones, downstream blocks in the west Pacific sector

occurred zonally closer to the average cyclone track

than downstream blocks in the Euro-Atlantic sector

(Figs. 5b, 6b).

e. ET events that produce long-lived extratropical
cyclones

Hart and Evans (2001) suggested that approximately

half of all Atlantic ET events experience posttransition

cyclone intensification, which includes an expansion of

the high-impact wind field and large oceanic waves (e.g.,

Evans et al. 2017). In this study, a TC was deemed to

have produced a long-lived extratropical cyclone if

1) any extratropical cyclone (i.e., cyclones that both

qualified as bombs and those that did not) that

lasted $2 days and traversed $1000km was identified

within 58 of the time and location of ET or the last time

and location of the TC track, and 2) the extratropical

cyclone track extended the TC track. The tropical-to-

extratropical tracks were created by appending the

extratropical cyclone track from the MERRA-2 data to

FIG. 5. The location of blocks that occurred within 608 down-
stream and 5 days of any time on the track of a bomb. (a) Shading as

in Fig. 3a, but for the subset of bomb tracks that are associated with

a downstream block. The black dots indicate the location of blocks

that are downstream of one bomb track; the magenta dots indicate

the location of blocks that are downstream of multiple bomb

tracks. (b) The difference between the blocking location and the

associated average location of the bomb track colored by the re-

gion of the block, large circles indicate the average for that region.
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the TC track from the IBTrACS data at either the time

of ET or the last time of the TC track data.Of the 151ET

events, 116 (77%) successfully transitioned to long-lived

extratropical cyclones under this definition. In the

western Pacific, the track density of these tropical-to-

extratropical tracks suggests a recurvature pathway that

is consistent with the TC tracks of all ET events in the

western Pacific (Fig. 4a) that extends northward past the

date line to 1508W (Fig. 7a). This extension of the track

frequency suggests that most ET events in the western

Pacific that successfully transition to extratropical cy-

clones continue poleward off the coast of Asia and then

traverse northeastward toward the date line. In the At-

lantic basin, the track frequency is quite broad in zonal

extent but this subset of Atlantic ET events has a fre-

quency maximum along the east coast of North America

that is slightly larger than two mid-Atlantic maxima

(Fig. 7a). The Atlantic basin tropical-to-extratropical

cyclone tracks extend across the Atlantic and into

Europe for cases that recurve and, for some cases that

continue northward, farther into North America

(Figs. 4a and 7a). Eight ET events that successfully

continued as extratropical cyclones and two events that

did not [Hurricane Noel (2001) and Super Typhoon

Lupit (2009)] also met the bomb criteria (Fig. 7b). The

notable difference between the ET-bomb events in the

western Pacific and Atlantic is that for the three cases in

the Atlantic, the explosive cyclogenesis occurred be-

fore the TC was identified as extratropical, whereas in

the western Pacific, 5 out of the 7 TCs were identified

as extratropical before rapidly deepening as bombs

(Fig. 7b).

4. Tropical–extratropical interaction

a. MJO

The relationship between MJO convection and

Northern Hemisphere blocking frequency shows that

block-onset days are characterized by a statistically

significant frequency maximum of the MJO7to1 in phase

6 (Fig. 8a). While there are secondary MJO7to1 fre-

quency maxima in phases 3 and 5 on block-onset days,

they are not statistically significant with respect to all

cool-season days (Fig. 8a). MJO7to1 frequency minima

during block-onset days occurred in phases 4 and 7, with

statistical significance only for the phase 7 minimum.

These results suggests that in the week following MJO

convection in the western Pacific (i.e., phase 6), there

tends to be more blocking events in the high-latitude

Northern Hemisphere, but as the MJO convection

moves farther eastward across the western Pacific (i.e.,

phase 7) the frequency of blocking in the week following

drastically decreases. The relationship between North-

ern Hemisphere blocking and the phases of the MJO7to1

(Fig. 8a) showed a more robust signal than the re-

lationship between blocks and the phase of theMJO14to8

(not shown).

TheMJOphases with statistically significant Northern

Hemisphere blocking frequency maxima and minima

(i.e., phases 6 and 7, respectively) do not have a statis-

tical relationship with the frequency of blocks by region

(Fig. 8), suggesting that this statistical relationship is not

FIG. 6. (a) The location of the first time on the ET track that was

associated with a downstream block (stars) and the location of the

downstream block (dot). The colored pairs indicate blocks that are

associated with multiple upstream ET events. (b) As in Fig. 5b, but

for the average track location of ET events and their associated

downstream blocks.
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concentrated in a specific region. Nearly half of all

blocks identified in the East Asia–west Pacific region,

between 908E and 1808, occurred with a weak MJO7to1,

which is statistically significant with respect to all iden-

tified blocks (Fig. 8b). There were also statistically sig-

nificantly more blocks than expected between 08 and

908E and between 1808 and 908Wwhen the MJO7to1 was

in phases 2 and 5, respectively (Fig. 8b). When consid-

ering the statistical relationship between the MJO14to8

and blocking location, the number of blocks that oc-

curred between 1808 and 908W was less than expected

for eastern North Pacific blocks in phases 2 and 8 (not

FIG. 7. (a) As in Fig. 4a, but for the tracks of ET events that were associated with long-lived

extratropical cyclones (n5 116). (b) The tracks of the ET events that were also classified as

bombs (n5 10), where the dot indicates the location of bomb and the star indicates the lo-

cation of ET.
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shown). This suggests that when MJO convection is in

the Indian Ocean it impacts the Northern Hemisphere

flow differently at different time scales. One week after

MJO phase 2, the midlatitude flow is likely more am-

plified than normal (i.e., allowing for more eastern

North Pacific blocks), but two weeks after MJO phase 2

the eastern Pacific–North America region is more zonal,

decreasing the blocking potential. With respect to phase

8 convection, there is enhanced blocking associated with

MJO7to1 (Fig. 8b) and suppressed blocking associated

with MJO14to8 (not shown). This suggests that the im-

mediate impact of Pacific MJO convection is to enhance

blocking in the vicinity, but the lagged impact is to

suppress blocking in the vicinity. The relationship be-

tween the phase of the MJO prior to the onset of blocks

across the Northern Hemisphere is not consistent with

the results of Henderson et al. (2016), which is attributed

to the methodological differences in the blocking defi-

nitions (e.g., one dimensional vs two dimensional) and

statistical testing. However, these results are consistent

with Gollan and Greatbatch (2017) who also showed an

increase in high-latitude blocking following MJO phase

6 convection, though their localmaximumwas located in

the Euro-Atlantic sector.

Northern Hemisphere bomb days exhibit a statisti-

cally significant minimum during weak MJO7to1 con-

vection and maxima during MJO7to1 phases 6 and 7

(Fig. 9a). This suggests that immediately following west

Pacific MJO convection, the frequency of Northern

Hemisphere explosive cyclogenesis increases, though

this increase is not confined to a certain region or lati-

tude band (Figs. 9b,c). In the Atlantic quadrant (i.e.,

FIG. 8. The frequency (day21) of the phase of the MJO7to1 (see methods for definition) calculated for (a) all

Northern Hemisphere blocks and (b) blocks partitioned by location. In (a) the dots indicate the corresponding

MJO7to1 frequency distribution for all cool-season days included in the study (n5 7428) and the vertical lines

indicate the 95th percentile of the distribution. In (b) the number of blocks identified in each region and phase are

shown as a stacked frequency diagram, with phases colored as in (a). Bold numbers denote statistical significance at

the 5% level and italic numbers denote the statistical significance at the 10% level. The plus sign indicates that the

number of blocks is above the 97.5 percentile or 95 percentile, and the minus sign indicates that the number of

blocks is below the 2.5 percentile or 5 percentile. For the two categories that only have one block and are statis-

tically significant at the 10% level, the minus sign is not included because of space constraints. In the longitude

bounds the brackets and parentheses indicate inclusive and exclusive, respectively.
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between 908W and 08), however, there is a statistically

significant decrease in bomb frequency associated with

weak MJO7to1 convection and increase associated

with MJO7to1 phase 3 convection (Fig. 9b). There is

also a statistically significant increase in bomb frequency

between 08 and 908E when MJO7to1 is in phase 2.

With respect to latitude band, bomb frequency is shifted

poleward immediately following MJO convection in the

Maritime Continent (i.e., MJO7to1 phases 4 and 5), as

seen from the statistically significant decrease in bomb

frequency between 308 and 448N and increase between

448 and 558N (Fig. 9c). Considering the panels of Fig. 9

FIG. 9. As in Fig. 8, but for bombs (n5 2852), and in (c) the distribution of bombs by latitude bands.
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together, suggests that the largest impact on regional

midlatitude explosive cyclogenesis occurs whenMJO7to1

convection is confined between the Indian Ocean and

Maritime Continent (i.e., phases 2–5), but that the

largest impact on the frequency of Northern Hemi-

sphere explosive cyclogenesis occurs when the MJO7to1

convection is in the west Pacific (i.e., phases 6 and 7).

Comparing ET days to all cool-season days reveals a

statistically significant minimum in MJO7to1 in phase 3

(Fig. 10), suggesting that immediately following the

MJO in phase 3, the likelihood of Northern Hemisphere

ET occurrence is smaller than expected. While there are

no statistically significant relationships betweenMJO7to1

and ET occurrence by basin, there are less west Pacific

ET events than expected following MJO14to8 in phase 4.

There is also a statistically significant maximum for all

Northern Hemisphere events following weak MJO7to1

suggesting that periods lacking MJO convection are

likely to precede ET events (Fig. 10).

b. ENSO

ENSO shows only statistically significant relationships

with Northern Hemisphere bomb and ET frequency,

and only for particular phases of ENSO (Fig. 11). Block,

bomb, and ET onset all have maxima during neutral

ENSO conditions, which is expected based on the

climatology for all cool-season days. However, the

frequency of neutral ENSO conditions on bomb days is

statistically significantly less than expected with respect

to all cool-season days, suggesting that cyclones that

meet the bomb criteria occur less frequently under

neutral ENSO conditions. Bomb-onset days have a

statistically significant higher frequency of strong La

Niña and El Niño conditions than expected from all

cool-season days (Fig. 11), suggesting bombs are more

frequent under strong La Niña and El Niño conditions.

ET days only have a statistically significant relation-

ship with weak La Niña regimes, such that the ET fre-

quency is statistically significantly smaller than expected

at the 10% level with respect to all cool-season days

(Fig. 11). While east Pacific ET events only make up a

small percentage of the ET events studied, this result is

consistent with Wood and Ritchie (2014) who showed

that no east Pacific TCs underwent ET during La Niña
years. ET latitude is statistically significantly shifted

equatorward under strong El Niño conditions (Table 5).

Although the Northern Hemisphere blocking fre-

quency (Fig. 11) and regional blocking frequency (not

shown) showed no statistical relationship with ENSO,

block duration showed a statistical relationship with

neutral ENSO conditions. Under neutral ENSO condi-

tions, blocks are statistically significantly longer than a

random sampling of all identified blocks (Table 5).

Barriopedro et al. (2006) also showed no statistical

FIG. 10. As in Fig. 8a, but for ET events (n5 151).
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relationship between the frequency of blocking and

ENSO. However, Barriopedro et al. (2006) showed that

blocks are longer during La Niña conditions.

Bomb-onset latitude is also statistically significant

based on ENSO conditions, with bombs occurring at an

anomalously southern latitude (42.28N) during weak El

Niño conditions (Table 5). This anomalously equator-

ward bomb-onset location for weak El Niño regimes is

consistent with Eichler and Higgins (2006), who showed

an equatorward shift in the storm track during El Niño
conditions.

The frequency distribution of the phase of ENSO on

bomb-block days is only statistically different than ex-

pected from all cool-season days during weak El Niño
conditions, such that there are fewer bomb blocks

than expected (Table 5). The blocking duration of

bomb blocks is statistically longer (6.7 days) than ex-

pected under neutral ENSO conditions, consistent

with all blocks.

c. QBO and QBO shear

Similar to the analysis of the ENSO–synoptic event

relationship, only Northern Hemisphere bomb and ET

frequency have a statistically significant relationship

with certain phases of the QBO and QBO shear. The

distribution of blocking with respect to QBO and

QBO-shear phases is similar to the expected distribu-

tions for all cool-season days (Fig. 12a). For ET events

there is a statistically significant minimum in the fre-

quency of neutral QBO conditions (Fig. 12a). This result

suggests that ET events are less likely to occur during

neutral QBO conditions. Considering QBO shear, ET

days have a frequency maximum for easterly QBO-

shear conditions (i.e., cold thermal anomaly) and a

minimum for westerlyQBO-shear conditions (i.e., warm

thermal anomaly; Fig. 12a). These QBO shear–ET re-

lationships are statistically significant at the 10% level

(not shown) with respect to all cool-season days, sug-

gesting that the sign in the wind shear of the equatorial

lower stratosphere, which is linked via the thermal-wind

relationship to thermal anomalies in the lower strato-

sphere, likely impact the low-frequency variability of ET

occurrence. Themechanism to describe this relationship

is currently under investigation.

With respect to bombs, the frequency of neutral QBO

and neutral QBO-shear conditions are statistically sig-

nificant larger than expected for bomb days compared to

all cool-season days (Fig. 12a). Furthermore, the east-

erly QBO shear and westerly QBO frequency on bomb

days is statistically significantly smaller than expected

from a sampling of all cool-season days (Fig. 12a). These

results suggest that bombs occur more frequently in the

FIG. 11. As in Fig. 8a, but for the ENSO phase frequency (days21) at the onset of blocks,

bombs, and ET events.

TABLE 5. The relationship between ENSO and characteristics of the synoptic events.

ENSO phase Block length (days) Bomb lat (8N) ET lat (8N) Bomb–block count (n) Bomb–block length (days)

Strong La Niña 5.9 43.6 36.2 28 5.9

Weak La Niña 6.2 42.22 35.0 41 6.0

Neutral 6.61 43.3 36.2 75 6.71

Weak El Niño 5.7 42.9 35.7 122 5.8

Strong El Niño 5.5 42.9 31.62 27 5.6
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Northern Hemisphere during neutral QBO and neutral

QBO-shear conditions and less frequently in easterly

QBO-shear and westerly QBO conditions. The neutral

QBO and QBO-shear conditions also show a statistical

relationship with the location of bombs at the 5% level,

such that bombs in the 398 and 428N latitude band occur

less often than expected (Fig. 12b). Considering also the

10% statistical significant level, bomb-onset latitude is

shifted poleward under neutral QBO-shear conditions

with a significant increase in the frequency of bombs be-

tween 448 and 558N. For neutral QBO, there is a significant

increase in bomb-onset frequency poleward of 558N.At the

10% level, there is also a robust statistical relationship be-

tween easterly QBO andQBO-shear conditions and bomb

frequency (Fig. 12b). Under easterly QBO conditions,

Arctic bomb frequency (i.e., poleward of 558N) is signifi-

cantly less than expected and accompanied by a significant

increase in bomb frequency between 398 and 448N.There is

also a significant increase in bomb frequency between 398
and 448N during easterly QBO-shear conditions. The re-

lationship between the frequency and location of bombs

and the QBO suggests that low-frequency variability in

the equatorial stratosphere may exert an influence on

Arctic weather, such that bomb onset is shifted

equatorward under easterly conditions, but poleward

under neutral conditions. This tropical stratosphere–

extratropical troposphere relationship should be in-

vestigated further to fully account for the mechanisms

in which the QBO influences tropospheric climate.

5. Summary and discussion

Case lists of blocks, bombs, and the ET of TCs were

compiled for analysis with NASA’s MERRA-2 and the

FIG. 12. As in Fig. 8 but for (a) the QBO (solid fill) and QBO-shear (line fill) phase frequency (day21) and (b) the

number bombs partitioned by latitude bands and QBO and QBO-shear phase.
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IBTrACS datasets for the Northern Hemisphere cool

seasons (October–April) of 1980–2015. The first part

of the analysis consisted of a climatological analysis that

1) examined the climatological distribution, frequency,

and strength of blocks, bombs, and the ET events; and

2) identified the distribution of bomb-blocks, ET-blocks,

and ET events that produce long-lived extratropical

cyclones, including ET bombs.

In addressing research question 1, the location and

frequency of blocks (n5 288) and bombs (n5 2852)

identified in the MERRA-2 dataset are shown to be

consistent with the climatological distribution of these

events from the seminal analyses of Tibaldi and Molteni

(1990) and Sanders and Gyakum (1980), respectively

(Figs. 2a and 3a). Blocking frequency maxima occurred

in the Euro-Atlantic and Pacific regions while bomb

frequency maxima occurred in the western Pacific and

western Atlantic. The maximum extratropical interac-

tion of ET events (n5 151), represented by the PV ad-

vection by the irrotational wind, was calculated within

696 h of the time of ET for TCs that occurred in the

western Pacific, eastern Pacific, and Atlantic basins. The

corresponding average extratropical interactions values

for the ET events in the west Pacific, east Pacific, and

Atlantic basins are20.95,20.37, and20.58 PVUday21,

respectively (Fig. 4b). This shows that cool-season west

Pacific ET events have the largest mean impact on the

upper-tropospheric midlatitude flow out of all cool-

season ET events that occur in the three main North-

ern Hemisphere TC basins.

Out of the 288 identified cool-season blocks, 183 blocks

occurred within 608 downstream and 5 days of a time on a

bomb cyclone track (Fig. 5a). Over 68% of the blocks

identified in each region from the east Pacific eastward

through Europe fits this bomb-block definition. A subset

of 16 blocks occurred within 608 downstream and 5 days

of a time on an ET track with the majority of the ET

events occurring in the Atlantic sector (Fig. 6a). Of the

151 ET events, 116 ET events successfully continued as

extratropical cyclones that lasted $2 days (Fig. 7a), and

10 ET events were also identified as bombs (Fig. 7b).

In addressing research question 2, the analysis con-

sidered the frequency of these synoptic events with re-

spect to low-frequency variability in the tropics by

examining the statistical differences in the frequency of

the phases of theMJO, ENSO,QBO, andQBO shear on

all cool-season days, block-onset, bomb-onset, and ET

days. Both QBO and QBO shear were used to capture

the low-frequency variability in the equatorial strato-

spheric momentum and thermal fields, respectively.

Of these three tropical modes analyzed, Northern

Hemisphere blocking only showed a statistical relationship

with certain phases of theMJO during lag days27 to21

(MJO7to1). There is a statistically significant blocking

frequency maximum for MJO7to1 phase 6 and a fre-

quency minimum for MJO7to1 phase 7 (Fig. 8a).

Northern Hemisphere bomb frequency, however,

showed a statistical relationship with all analyzed

tropical modes: MJO7to1, ENSO, QBO, and QBO shear.

With respect to ENSO, there is bomb frequency mini-

mum during neutral ENSO conditions and maxima dur-

ing strong La Niña and strong El Niño conditions

(Fig. 11a). With respect to the QBO, there is a bombing

frequency maximum during neutral QBO and QBO-

shear conditions and minima during easterly QBO and

westerlyQBO-shear conditions (Fig. 12a). Considering the

location of bombs, bomb onset that occurred from 908W
through the prime meridian to 908E had a statistical re-

lationship withMJO7to1, such that there is less bomb onset

following weak MJO conditions and more bomb onset

followingMJO convection in phases 2 and 3 (Fig. 9b). The

latitude of bomb onset is displaced poleward when

MJO7to1 is in phase 4 (Fig. 9c). Bomb frequency poleward

of 398N, including Arctic bombs (i.e., bombs that occur

poleward of 558N) have a statistically significant relation-

ship with easterly and neutral QBO and QBO-shear con-

ditions (Fig. 12b). Shifts in the latitude bins of bomb onset

suggest that bombs are displaced equatorward during

easterly QBO and QBO-shear conditions and poleward

during neutral QBO and QBO-shear conditions. Cool-

season ET events also show a statistical relationship with

phases of all three analyzed modes of tropical variability

(Figs. 10, 11, and 12a). This ET–tropical variability re-

lationship includes the following: 1) a maximum following

weak MJO conditions, 2) a minimum following MJO

phase 3, 3) a minimum during weak La Niña conditions,

and 4) a minimum during neutral QBO conditions.

The MJO–block relationship identified in this study

that showed enhanced blocking in the eastern Pacific/

western North America (i.e., 1808–908W) following

phase 5 of the MJO7to1 is consistent with the conceptual

description of the MJO. When there is anomalous con-

vection over the Maritime Continent, as is described by

phase 5 of the MJO, the upper-tropospheric outflow

associated with the convection can advect lower PV air

poleward to influence the extratropical waveguide at a

similar longitude, thus impacting preferred regions for

ridging and blocked longitudes [e.g., Fig. 8b in Rui and

Wang (1990)]. Since the MJO tends to be strongest in

theWesternHemisphere, it is not surprising that phase 5

of MJO convection influences extratropical blocking.

The physical mechanisms that could account for the

MJO–bomb relationship are more indirect than the

MJO–block relationship. The MJO–bomb relationship

shows a strong statistical link with Northern Hemisphere

bomb frequency, bomb longitude, and bomb latitude for
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different phases of the MJO. The MJO bomb–latitude

relationship suggests that the MJO impacts the preferred

latitude of storm-track exit regions, which is one of the

climatological regions where bombs develop.

When considering both the MJO–bomb and QBO–

bomb relationships, an interesting signal emerges. The

MJO–bomb relationship shows a signal equatorward of

558N while the QBO–bomb relationship shows a re-

lationship poleward of 558N. This suggests that mecha-

nisms by which these oscillations impact the extratropics

are different. The result is consistent with Wang et al.

(2018) who suggested that partitioning MJO impacts on

the North Pacific storm track by phase of the QBO

needs to be considered to better describe the tropical–

extratropical teleconnections. Wang et al. (2018) showed

that during easterly QBO and MJO phases 2 and 3 the

North Pacific storm track is more zonally elongated than

during the westerly QBO phase. Figure 13 shows a similar

signal to Wang et al. (2018) in that there is a statistically

significantly larger frequency of bomb tracks in the west

Pacific and near 1658Wduring easterly QBO periods than

westerly QBO periods. Wang et al. (2018) suggest that the

observed differences in the spatial distribution of the storm

track is a direct result of the QBO and their Fig. 11

provides a conceptual diagram that suggests the pathway

through which the QBO impacts the North Pacific storm

track. They suggest that during easterlyQBOyears there is

anomalously enhanced baroclinicity in the high latitudes

increasing storminess in thePacific (Wang et al. 2018). This

QBO–extratropical bomb relationship is also consistent

with Garfinkel and Hartmann (2011) who showed that

during easterly QBO years the subtropical Pacific jet is

weaker, increasing the waviness of the extratropical flow

and creating a favorable environment for cyclone devel-

opment. Not only does the QBO impact the North Pacific

storm track, but Fig. 13 also shows statistical differences in

the frequency of bomb tracks in the Atlantic, consistent

with Asbaghi et al. (2017). Figure 13 shows statistically

FIG. 13. The normalized difference between cyclone track density for cyclones that undergo

explosive cyclogenesis during the easterly phase of the QBO and the westerly phase of the

QBO. The frequencies in each location are normalized by the total number of bombs in that

phase of the QBO. Black contours indicate where the difference is statistically significant at

the 5% level.
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significantly fewer bombs in the northeastern Atlantic

during the easterly phase of the QBO, which is consistent

with Fig. 1f of Asbaghi et al. (2017), which shows statisti-

cally significantly more eddy kinetic energy in the same

region during westerly QBO conditions in the late winter

(i.e., January–March).

In addressing research question 3, this work suggests

statistical associations between tropical modes of vari-

ability and extratropical weather systems. When con-

sidering extreme synoptic events, the results suggest that

low-frequency variability in the equatorial stratosphere,

described by the QBO and QBO shear, can have relation-

ships on the same order of magnitude as those associated

with low-frequency variability in the equatorial troposphere

(e.g., MJO and ENSO). Furthermore, the tropical var-

iability in the troposphere and stratosphere are associ-

ated with spatially different impacts that may inform

subseasonal outlooks of extreme synoptic events. Future

work is needed to examine the dynamical and physical

mechanisms associated with the tropical stratosphere

and extratropical weather relationships identified in this

analysis.
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