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ABSTRACT

While it is understood that a recurving tropical cyclone (TC) that interacts with the midlatitude flow can cause
large changes to the midlatitude flow pattern, it is much less understood if, and how, such events could impact a
downstream tropical cyclone. Here, an indirect TC interaction is defined as one in which a primary TC perturbs the
downstream midlatitude waveguide within one synoptic-scale wavelength of a secondary TC. In this study, a cli-
matology and composite analysis using ERA-Interim reanalysis data is completed for all indirect interactions
occurring between two tropical and/or subtropical cyclones in the North Atlantic and western North Pacific basins
between 1989 and 2018. In all, 26 cases are identified in the North Atlantic and 56 cases are identified in the western
North Pacific. The composite-mean interaction between a primary TC and upstream trough amplifies the imme-
diate downstream ridge, increasing the tropospheric-deep vertical wind shear on its poleward and, in the western
North Pacific, eastern, and equatorward flanks. An amplified downstream trough is detectable farther downstream
in the western North Pacific 1-2 days after interaction onset; however, the same is not true in the North Atlantic, in
which some cases exhibit anticyclonic Rossby wave breaking of the immediate downstream ridge. Secondary TCs
that weaken following the indirect-interaction events are primarily located along the gradient between the
downstream ridge and trough (North Atlantic) or at high latitudes (western North Pacific); those that strengthen are
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primarily located equatorward of the downstream ridge, particularly in the western North Pacific.
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1. Introduction

A significant fraction of tropical cyclones (TCs)
recurve into the midlatitude flow in many tropical ba-
sins around the world, with approximately 37% of all
western North Pacific TCs from 1979 to 2009 recurving
(Archambault et al. 2013) and approximately 68%
of North Atlantic TCs from 1950 to 2010 recurving
(Colbert and Soden 2012). As these TCs recurve, their
interaction with the midlatitude flow may cause increases
in flow “‘waviness” (Archambault et al. 2013, 2015) and
increased forecast errors downstream (Agusti-Panareda
et al. 2004, 2005; McTaggart-Cowan et al. 2007; Harr and
Dea 2009; Anwender et al. 2010; Grams et al. 2011, 2015;
Pantillon et al. 2013; Riemer and Jones 2014; Keller et al.
2011, 2019). Extensive research has been published on the
recurvature and extratropical transition (ET) of TCs
(Jonesetal. 2003; Evansetal. 2017; Keller et al. 2019) and
the impact these recurving TCs have on the midlatitude
waveguide (Anwender et al. 2008; Hodges et al. 2008;
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Aiyyer 2015; Grams and Archambault 2016; Keller et al.
2019; Pohorsky et al. 2019).

As a TC enters the midlatitudes, it may perturb the
waveguide many thousands of kilometers downstream
(Riemer and Jones 2010, 2014; Grams et al. 2013b;
Keller 2017; Keller et al. 2019). This is accomplished
primarily through the diabatically driven vertical redis-
tribution of isentropic potential vorticity (PV) aloft,
wherein PV is reduced (in the Northern Hemisphere)
above the level of maximum diabatic warming near the
TC’s center (Hoskins et al. 1985; Grams et al. 2011). This
very-low PV air aloft is then advected radially outward,
away from the TC’s center, by the TC’s divergent sec-
ondary circulation, tightening the local PV gradient and
facilitating the creation of a jet or amplification of a
preexisting jet (Riemer and Jones 2010; Grams et al.
2011, 2013a; Archambault et al. 2013, 2015; Grams and
Archambault 2016). This jet strengthening, along with
the poleward transport of warm, moist air, facilitates
rapid ridge-building immediately downstream of the TC
(Cunningham and Keyser 2000; Bosart 2003; Riemer
and Jones 2010). The pattern reconfiguration associated
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with the interaction between the midlatitude waveguide
and primary TC may in some cases result in downstream
anticyclonic wave breaking (Thorncroft et al. 1993;
Zhang et al. 2017; Zhang and Wang 2018). Other factors
that govern the extent to which a TC perturbs the mid-
latitude waveguide include characteristics of the mid-
latitude pattern itself, including but not limited to its
antecedent wavelength and amplitude (Torn and Hakim
2015; Quinting and Jones 2016; Wirth et al. 2018;
Finocchio and Doyle 2019), and the phasing of the TC
with the upstream trough (e.g., Ritchie and Elsberry
2003, 2007; Scheck et al. 2011; Grams et al. 2013a;
Archambault et al. 2013, 2015; Riemer and Jones 2014;
Wirth et al. 2018; Komaromi and Doyle 2018; Keller
et al. 2019; Riboldi et al. 2019).

A substantial portion of TCs form when one or more
existing TCs are already present, with approximately
one-third in the North Atlantic and nearly one-half in
the western North Pacific forming with another TC al-
ready existing in its respective basin (Schenkel 2016,
2017). Furthermore, when two or more TCs are present
within a given basin, the average distance between the
TCs is approximately 1500 km in the North Atlantic and
approximately 2000 km (approximately one synoptic-
scale Rossby wavelength in each respective basin) in the
western North Pacific (Schenkel 2017). While many
studies have shown how midlatitude features can
influence TC activity across a wide range of spatial
and temporal scales (McTaggart-Cowan et al. 2007;
Galarneau et al. 2015; Fowler and Galarneau 2017;
Zhang et al. 2016, 2017), there has yet to be a com-
prehensive evaluation of TCs that perturb the mid-
latitude waveguide in the presence of a secondary TC
and the impact this interaction can have on the sec-
ondary TC’s track and intensity. Consequently, this
study focuses on what is termed an indirect interaction
(in contrast with the direct interaction first conceptu-
alized by Fujiwhara 1921). Herein, an indirect inter-
action is conceptualized as the process of a primary
TC influencing a secondary TC by influencing the
synoptic-scale pattern in which the secondary TC is
embedded.

A recent example of an indirect interaction is given by
North Atlantic TCs Irma and Jose in 2017 (Fig. 1). As
Irma recurves northward across the Florida peninsula,
the TC interacts with an upstream shortwave trough
over the southeastern United States. Negative PV ad-
vection by the primary TC’s upper-tropospheric diver-
gent outflow (as conceptualized by Archambault et al.
2013) tightens the local PV gradient between the TC and
upstream trough, leading to local jet-streak enhance-
ment and subsequent downstream ridge amplification
(Fig. 1). Intensified upper-tropospheric northerly flow
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on the eastern periphery of the Irma-amplified down-
stream ridge blocks Jose from propagating poleward
and increases the vertical wind shear incident upon the
TC. The increased vertical wind shear causes a rapid
decrease in Jose’s intensity from 115 kt (948 hPa) (1 kt ~
0.5144ms=") at 1200 UTC 10 September 2017 to 70kt
(979hPa) at 1200 UTC 12 September 2017 (Berg 2018).

An example of multiple indirect interaction events in
close temporal proximity occurred in 2010 between
North Atlantic TCs Danielle, Earl, Fiona, and Gaston in
2010 (Fowler and Galarneau 2017). The recurvature of
TC Danielle into a preexisting Rossby wave train over
North America results in ridge amplification immedi-
ately downstream, which increases the meridional flow
on its eastern and western flanks and, in turn, increases
the vertical wind shear in proximity to three secondary
TCs (Earl, Fiona, and Gaston). Forecast uncertainties
associated with the initial interaction of TC Danielle
with the midlatitude waveguide amplify downstream at
medium-range lead times, reducing the midlatitude
predictability across the North Atlantic and increasing
forecast track errors for TCs Fiona and Gaston (Fowler
and Galarneau 2017).

The purpose of this study is to produce a climatology
of indirect TC interactions in the North Atlantic and
western North Pacific basins from 1989 to 2018. This
climatology provides a robust dataset for future studies
to quantify the extent to which a primary TC can
influence a secondary TC’s track and intensity and more
generally to document the influences of recurving TCs
on the downstream tropical-to-subtropical environment
across multiple basins. The improved understanding of
these interactions is hoped to improve the understand-
ing and predictability of the potential interaction out-
comes, which may in turn lead to improved TC track and
intensity forecasts. The paper is organized as follows.
Datasets and analysis procedures are described in
section 2. Section 3 details the indirect-interaction cli-
matology, while section 4 documents the composite-
mean tropospheric structure surrounding the time of
the maximum interaction between the primary TC with
the midlatitude flow. Section 5 discusses the impacts
of the indirect-interaction events to primary and sec-
ondary TC track and intensity predictability. A sum-
mary and discussion are provided in section 6.

2. Methods

a. Data

The 6-hourly data from the European Centre for
Medium-Range Weather Forecasts interim reanalysis
dataset (ERA-Interim; Dee et al. 2011) are used to
identify all indirect interactions. The dataset has roughly
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FiG. 1. Potential temperature (shaded in K per the color bar at right) on the 2 PVU (1 PVU 5
102 K kgZ* m?s2%) surface, horizontal wind on the 2 PVU surface (barbs; half-flag: 5 kt, flag: 10 kt, pennant: 50 kt),
and 850 hPa relative vorticity (black contours; from 10 to 20 3 102° s2* every 2 s2%) at 1200 UTC (a) 9, (b) 10, (c) 11,
(d) 12, (e) 13, and (f) 14 Sep 2017 for North Atlantic TCs Irma (primary; I) and Jose (downstream; J). Latitude and

longitude lines are drawn every 108.

80-km resolution on a reduced Gaussian grid with 60
isobaric levels up to 0.1hPa. Best track and forecast
track and intensity data for all TCs in the North Atlantic
are collected from the NHC best track database
(Landsea and Franklin 2013) and public archive (ftp://
ftp.nhc.noaa.gov/atcf/archive/), respectively, while best
track and forecast track and intensity data for the
western North Pacific are collected from the Joint
Typhoon Warning Center’s collaboration site (JTWC
2019). Due to data availability limitations, note that the

forecast tracks in the western North Pacific are based
only on TCs between 2002 and 2018.

b. Case selection

All classified tropical and subtropical cyclones, no
matter their intensity, occurring in the North Atlantic
and western North Pacific basins from 1989 to 2018 are
considered as potential cases. While classification prac-
tices for the North Atlantic do change somewhat during
this time frame, these have been shown to have a
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minimal impact on total TC counts per year, resulting in
minimal impacts to the number of indirect interactions
(Landsea 2007). The same period was selected for the
western North Pacific for consistency.

Two screening steps are followed to identify indirect-
interaction events. The first filtering step requires that
two or more TCs concurrently exist for all candidate
events. As a TC interacts with an upstream trough, the
resulting perturbation is most pronounced within one
wavelength downstream (Riemer and Jones 2010, 2014;
Grams et al. 2013b; Keller 2017; Keller et al. 2019;
Pohorsky et al. 2019). Therefore, the second screening
step requires that the two TCs be within this distance, as
determined by the geometry of the midlatitude flow at
the time of interaction. Note that a TC may both be
influenced by and subsequently influence an additional
secondary TC, which is counted as two interaction
events. However, a TC that influences more than one
secondary TC (although there are no such cases within
the dataset considered due to the one-wavelength re-
striction) is a single interaction event.

The Archambault et al. (2013) interaction metric is
used to ensure that the midlatitude-flow reconfiguration
downstream of a candidate primary TC is at least par-
tially the result of the primary TC’s diabatically driven
upper-tropospheric divergent outflow impinging upon
the midlatitude waveguide. The interaction metric is
defined as the negative PV advection by the divergent
(or irrotational) component of the wind:

2v, =PV.0, (@)

where V, is the 250-150hPa-averaged irrotational
component of the horizontal wind and =,PV is the
250-150 hPa-averaged PV gradient. Candidate events
must be associated with an instantaneous metric value
of 21 PVUday?* or lower at one or more locations
within 500 km of the primary TC’s center, consistent
with Archambault et al. (2013, 2015; albeit with a
coarser dataset in their study), to be included. Compositing
(section 2c) is temporally centered on the time of maxi-
mum interaction, defined as the time at which the inter-
action metric achieves its maximum magnitude.

In contrast to the indirect interaction between TCs
Irma and Jose depicted in Fig. 1, not all TC pairs for
which a primary TC recurves into the midlatitudes and
undergoes ET qualify as indirect-interaction events. A
representative example is given by North Atlantic TC
Ophelia in 2011, which recurved into the midlatitude
flow while TC Philippe began to develop to its southeast
(Fig. 2). As Ophelia recurves into the midlatitude flow,
an area of negative PV advection more negative than
the 21PVU day?* threshold is present but is located

VOLUME 148

1500-2000 km west of TC Ophelia (Fig. 2f). A closer
inspection reveals that a majority of Ophelia’s upper-
tropospheric outflow is directed eastward into the
midlatitude ridge rather than westward against the
trough (Figs. 2f,g), such that the negative PV advec-
tion to Ophelia’s west results from other forcings (e.g.,
deep, moist convection along the U.S. East Coast)
rather than from Ophelia. Further, the direction of TC
Ophelia’s outflow primarily into the midlatitude ridge
to its east cannot result in significant midlatitude
amplification, and thus no indirect interaction with TC
Philippe, as the Petterssen development parameters
(upper-tropospheric divergence, lower-tropospheric
warm-air advection, and midtropospheric cyclonic
vorticity advection) indicate that only immediately
ahead of a trough is significant amplification to the
midlatitude waveguide by a TC possible (Petterssen
and Smebye 1971; Keller et al. 2019).

c. Compositing

Two compositing approaches are used in this study,
one to document the impact the primary TCs have
on the midlatitude waveguide downstream of their
maximum interaction location and one to document
differences in the large-scale environments between
secondary TCs that weaken or intensify in the 48h
following the time of maximum interaction. The first
approach composites around the fixed spatial location
of the maximum absolute value of negative PV ad-
vection by the irrotational wind at the time of maxi-
mum interaction between the primary TC and the
midlatitude waveguide (as in Archambault et al. 2015).
The second approach is spatially centered on the (tempo-
rally variable) secondary TCs’ locations. Both approaches
use a domain encompassing 637.58 latitude and 458 lon-
gitude west to 908 longitude east of their respective cen-
tering points and are generated for a 96-h period between
48 h prior to and 48h after the time of maximum interac-
tion of the primary TC with the midlatitude waveguide.

d. Ventilation index calculation

The ventilation index of Tang and Emanuel (2012) is
used to better understand the tropospheric-deep im-
pacts of indirect-interaction events to the environments
within which the secondary TCs are embedded. This
index is defined as

LS ushearxm’ (2)
uPI

Where Ughear B jVeso 2 Vaggj is the bulk environmental
vertical wind shear magnitude between 850 and 200 hPa,
up; is the maximum potential intensity (MPI), and X, is
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FIG. 2. (a)-(d) Potential temperature (shaded in K per the color bar at left) on the 2 PVVU surface, horizontal wind
on the 2 PVU surface (barbs; half-flag: 5 kt, flag: 10 kt, pennant: 50 kt), and 850 hPa relative vorticity (black con-
tours; from 10 to 20 3 102° 52! every 252) at 0000 UTC (a) 1, (b) 2, (c) 3, and (d) 4 Oct 2011 for North Atlantic TCs
Ophelia (primary; O) and Philippe (downstream; P). (e)-(h) The 250-150 hPa layer-mean PV (blue contours every
2 PVU starting at 1 PVU), 250-150 hPa layer-mean horizontal wind speed (shaded in ms2* per the color bar at
right), 250-150 hPa layer-mean irrotational wind (vectors; m s2*; reference vector at lower right), and 250-150 hPa
advection of the layer-mean potential vorticity by the layer-mean irrotational wind (red-dashed contours every
23PVU day?* starting at 21 PVU day?') at the same times as in (a)-(d). Latitude and longitude grid lines are
drawn every 108.
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TaBLE 1. Climatological information on all 26 primary and secondary TCs in the North Atlantic basin, as sorted in decreasing order
based on the magnitude of the temporally (from 48 h before the time of maximum interaction to 48 h after) and spatially (over a box
extending 7.58 in all directions from the location of maximum interaction) averaged value of the interaction metric, as defined by

Archambault et al. (2013).

Primary TC storm name Secondary TC storm name

Florence (2006)
Floyd (1999)
lvan (2004)
Matthew (2016)
Irene (2011)
Jeanne (2004)
Odette (2003)
Igor (2010)
Irma (2017)
Gabrielle (2001)
Karl (2016)
Fabian (2003)
Karl (2004)
Gordon (2000)
Isidore (2002)
Michael (2000)
Maria (2005)
Fran (1996)
Hanna (2008)
Karl (1998)
Katrina (2005)
Earl (2010)
Danielle (2010)
Isabel (2003)
Gustav (2008)
Gustav (1990)

Gordon (2006)
Gert (1999)
Jeanne (2004)
Nicole (2016)
Jose (2011)
Karl (2004)
Peter (2003)
Julia (2010)
Jose (2017)
Felix (2001)
Lisa (2016)
Isabel (2003)
Lisa (2004)
Helene (2000)
Kyle (2002)
Nadine (2000)
Nate (2005)
Hortense (1996)
Ike (2008)
Jeanne (1998)
Lee (2005)
Fiona (2010)
Earl (2010)
Juan (2003)
Hanna (2008)
Hortense (1990)

Date of max interaction Interaction metric (PVU dayZl)
0600 UTC 11 Sep 22.87
0000 UTC 16 Sep 22.20
1800 UTC 8 Sep 21.88
1800 UTC 8 Oct 21.72
0600 UTC 28 Aug 21.60
1200 UTC 17 Sep 21.58
0000 UTC 8 Dec 21.42
0600 UTC 19 Sep 21.41
1800 UTC 10 Sep 21.29
1800 UTC 14 Sep 21.27
0000 UTC 25 Sep 21.24
1200 UTC 7 Sep 21.22
0000 UTC 21 Sep 20.92
1800 UTC 16 Sep 20.79
0600 UTC 25 Sep 20.79
1200 UTC 19 Oct 20.76
0000 UTC 24 Sep 20.73
1800 UTC 30 Aug 20.60
1800 UTC 3 Sep 20.56
1800 UTC 26 Sep 20.55
1800 UTC 30 Aug 20.52
1800 UTC 31 Aug 20.52
1200 UTC 29 Aug 20.49
1800 UTC 17 Sep 20.34
1200 UTC 31 Aug 20.30
1800 UTC 1 Sep 20.10

the nondimensional entropy deficit. The entropy deficit
Xm Is defined as

*
sm 28,

2s,’ ®)

" S.éCST
where s}, is the saturation entropy at 600 hPa in the TC’s
inner core, s, is the environmental entropy at 600 hPa,
Sss7 IS the saturation entropy at the sea surface temper-
ature (SST), and sy, is the entropy of the boundary layer.
The derivation of the ventilation index and details of
calculating the ventilation index from gridded data can be
found in Tang and Emanuel (2012). Due to the coarse-
ness of the ERA-Interim SST data, the SST data are
substituted with daily optimum-interpolation 0.258SST
data (Reynolds et al. 2007; Banzon et al. 2016) for the
calculations of the entropy deficit and MPI to better
represent spatiotemporal SST variability; however,
qualitatively identical results are obtained when in-
stead using the ERA-Interim SSTs (not shown).

e. Forecast error calculation

To quantify the track/intensity predictability for the
primary and secondary TCs, official warning-center

(NHC for the North Atlantic, Joint Typhoon Warning
Center for the western North Pacific) track and in-
tensity forecasts are verified. Errors are calculated
following NHC operational practice, such that only
TCs that attain tropical-storm or hurricane/typhoon
status are included in the evaluation. Additionally,
forecasts that verify over land are included, but fore-
casts verifying after the TC is no longer classified as
tropical are excluded. Forecast errors for both pri-
mary and secondary TCs are computed at multiple
forecast lead times surrounding the time of maximum
interaction; however, the analysis presented herein
focuses only on forecasts issued between 24 and 48h
before the time of maximum interaction. This time
corresponds with the times at which the basin-wide
predictability at medium-ranges (e.g., 2-51 days) is
typically degraded due to the uncertainty in predicting
the interaction of the primary TC with the upstream
trough (Aiyyer 2015; Harr and Archambault 2016).

f. Statistical-signi cance testing

The extent to which composite-mean atmospheric
fields (sections 2¢ and 2d) and official-forecast track and
intensity errors (section 2e) are significantly different
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TABLE 2. As in Table 1, but for the 56 cases in the western North Pacific basin.

Primary TC storm name Secondary TC storm name Date of max interaction Interaction metric (PVU day??)
Lan (2017) Saola (2017) 1200 UTC 21 Oct 23.69
Soulik (2006) Rumbia (2006) 0000 UTC 6 Oct 23.56
Songda (2004) Sarika (2004) 0600 UTC 7 Sep 23.54
Wipha (2013) Francisco (2013) 1200 UTC 15 Oct 2347
Talas (2011) Noru (2011) 1200 UTC 2 Sep 23.20
Megi (2004) Aere (2004) 0600 UTC 18 Aug 23.16
Podul (2001) Ling-Ling (2001) 1200 UTC 26 Oct 23.12
Fitow (2013) Danas (2013) 0600 UTC 4 Oct 23.07
Melor (2009) Nepartak (2009) 0000 UTC 7 Oct 22.90
Zeb (1998) Babs (1998) 0000 UTC 17 Oct 22.70
Tokage (2004) Nock-Ten (2004) 1200 UTC 20 Oct 2258
Francisco (2013) Lekima (2013) 1800 UTC 24 Oct 22.46
Saomai (2000) Sonamu (2000) 0000 UTC 15 Sep 22.46
Jelawat (2012) Ewiniar (2012) 0600 UTC 29 Sep 2244
Bolaven (2012) Tembin (2012) 0600 UTC 28 Aug 22.38
Lupit (2009) Mirinae (2009) 1800 UTC 26 Oct 22.26
Kompasu (2010) Malou (2010) 1800 UTC 1 Sep 22.26
Chaba (2010) Seventeen (2010) 0600 UTC 30 Oct 22.23
Rusa (2002) Sinlaku (2002) 1800 UTC 31 Aug 2221
Ketsana (2003) Parma (2003) 0600 UTC 25 Oct 2219
Ryan (1992) Sibyl (1992) 1800 UTC 10 Sep 22.18
Dianmu (2004) Mindulle (2004) 0600 UTC 21 Jun 22.13
Fitow (2007) Danas (2007) 1800 UTC 7 Sep 22.06
Haiyan (2001) Podul (2001) 1800 UTC 17 Oct 22.06
Chan-Hom (2015) Nangka (2015) 0000 UTC 12 Jul 22.02
David (1997) Ella (1997) 1200 UTC 16 Sep 22,01
Goni (2015) Atsani (2015) 0600 UTC 25 Aug 21.92
Aere (2004) Chaba (2004) 1800 UTC 30 Aug 2191
Nida (2004) Omais (2004) 0600 UTC 20 May 2191
Zane (1996) Yates (1996) 0600 UTC 29 Sep 21.87
Chanthu (2016) Mindulle (2016) 0000 UTC 17 Aug 21.87
Rammasun (2002) Chataan (2002) 0600 UTC 5 Jul 21.85
Robyn (1993) Steve (1993) 0000 UTC 10 Aug 21.78
Mawar (2005) Guchol (2005) 0000 UTC 25 Aug 21.63
Prapiroon (2012) Maria (2012) 0600 UTC 18 Oct 2157
Chataan (2002) Halong (2002) 1800 UTC 10 Jul 21.57
Shanshan (2006) Yagi (2006) 1800 UTC 17 Sep 21.56
Kong-Rey (2013) Toraji (2013) 0000 UTC 31 Aug 21.45
Fung-Wong (2014) Kalmaegi (2014) 1800 UTC 23 Sep 21.34
Prapiroon (2000) Saomai (2000) 0600 UTC 31 Aug 2131
Mindulle (2004) Ting-Ting (2004) 0600 UTC 4 Jul 21.10
Page (1990) Owen (1990) 0000 UTC 29 Nov 21.09
Roger (1989) Sarah (1989) 0600 UTC 26 Aug 21.07
Omar (1992) Polly (1992) 1200 UTC 31 Aug 21.04
Sinlaku (2008) Sixteen (2008) 0600 UTC 10 Sep 20.96
Pabuk (2001) Wutip (2001) 0000 UTC 21 Aug 20.92
Kong-Rey (2018) Trami (2018) 0600 UTC 30 Sep 20091
Orchid (1994) Ruth (1994) 1200 UTC 26 Sep 20.82
Olga (1999) Paul (1999) 0000 UTC 3 Aug 20.82
Muifa (2011) Merbok (2011) 1200 UTC 7 Aug 20.74
Violet (1996) Tom (1996) 0000 UTC 17 Sep 20.53
Walt (1994) Zeke (1994) 0600 UTC 20 Jul 20.49
Rosie (1997) Scott (1997) 0600 UTC 25 Jul 20.47
Damrey (2012) Haikui (2012) 0600 UTC 30 Jul 20.42
Rumbia (2018) Soulik (2018) 0600 UTC 16 Aug 20.41
Morakot (2009) Etau (2009) 0600 UTC 9 Aug 20.34
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FIG. 3. Indirect-interaction occurrence (light gray bar; dashed line) compared to the total number of TCs (black
bar; solid line) as a function of month aggregated (a) over all years, and (b) yearly for the North Atlantic. (c),(d) As

in (a),(b), but for the western North Pacific.

from climatology is assessed using Monte Carlo boot-
strapping (Efron and Tibshirani 1994).

For composite-mean atmospheric fields, the clima-
tology is defined using a 15-day average centered on the
date of each indirect-interaction event (the time of
maximum interaction) over the period 1980-2010, with
this 30-yr duration selected following current opera-
tional practices for defining climate normals. Next, 1000
samples of anomalies (each with a sample size equal to
the number of indirect-interaction events in each basin)
are randomly drawn from dates in 1980-2010 between
one week prior to one week after the date of each
indirect-interaction event, with each event contributing
one member per sample. Composite-mean atmospheric
fields are said to be significantly different from clima-
tology to 95% confidence when they are smaller than the
25th-ranked or larger than the 975th-ranked samples of
climatological anomalies.

For official forecasts, the climatology is defined from
the set of all TCs (separately for the North Atlantic and
western North Pacific basins) between 1989 and 2018

excluding the primary and secondary TCs. Additionally,
these official forecasts include forecasts that verify over
land, but forecasts verifying after the TC is no longer
classified as tropical are excluded. Next, 10000 samples
of forecast errors (each with a sample size equal to the
number of indirect-interaction events in each basin) are
randomly drawn from climatology, with separate sam-
ples drawn at each forecast lead time considered (0, 12,
24, 36, 48, 72, 96, and 120 h). Composite-mean forecast
errors are said to be significantly different from clima-
tology to 95% confidence when they are smaller than the
250th-ranked or larger than the 9750th-ranked samples
of climatological mean forecast errors.

3. Event climatology

A total of 26 indirect interactions are identified for the
North Atlantic basin (Table 1), whereas 56 are identified
for the western North Pacific basin (Table 2). It is
speculated that the greater number of events for the
western North Pacific largely results from the higher
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FIG. 4. Best track TC tracks for all indirect-interaction primary TCs (as given by the thin gray lines) in the (a),(b)
North Atlantic and (c),(d) western North Pacific basins from 48 h before the time of maximum interaction to 48 h
after at 6-h increments. (a),(c) Tracks shifted to the average primary-TC location at the time of maximum inter-
action, whereas (b),(d) unshifted TC tracks. The thick black lines depict the average primary-TC tracks over the
96-h period considered, whereas the thick red lines depict the average secondary-TC tracks over the 96-h period
considered. Orange lines represent the tracks of secondary TCs that did not change intensity (again utilizing
minimum central pressure to define these criteria as in Tables 3 and 4), blue lines represent the tracks of secondary
TCs that weakened over the 48 h after the time of maximum interaction, and green lines represent the tracks of
secondary TCs that strengthened over the 48 h after the time of maximum interaction.

number of TCs in this basin (approximately 24 TCs per
year over the 30-yr climatology; JTWC 2018) as com-
pared to the North Atlantic basin (approximately 15
TCs per year over the 30-yr climatology; Landsea and
Franklin 2013). Unsurprisingly, the months in which
TCs typically form are also the months with the highest
numbers of indirect interaction events, with an ex-
tremely high linear-correlation coefficient (0.79 with a
p value of 0.11 for the North Atlantic; 0.95 with a p value
of 10°* for the western North Pacific; note that this and
subsequent p values in this subsection are assessed
using a Student’s t test excluding all occurrences of zero
for both values) between the monthly climatologies for
both basins (Fig. 3). Further, the annual counts of TCs
and indirect interaction events in a given basin are

moderately linearly correlated (0.35 with a p value of
0.18 for the North Atlantic; 0.21 with a p value of 0.28 for
the western North Pacific; see also Figs. 3b and 3d).
The indirect interactions identified herein are associ-
ated with highly variable tracks for both the primary and
secondary TCs (Fig. 4) and correspondingly variable
midlatitude flow configurations (Fig. 5). Even when
centered around a common location, here given by the
average location of the primary TCs at the time of
maximum interaction, there is still significant track
variability away from the time of maximum interaction
(Figs. 4a,c) that is most pronounced in the North Atlantic
(Fig. 4a). A shorter composite track for secondary TCs in
both basins is representative of a slower translation speed
for these TCs than their primary counterparts because the
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FIG. 5. Analysis of the 2-PVVU contour on the 340 K isentropic surface (taken as a proxy for the midlatitude
waveguide) averaged from 48 h before the time of maximum interaction to 48 h after the time of maximum in-
teraction for (a) the 7 weakening North Atlantic, (b) the 10 strengthening North Atlantic, (c) the 15 weakening
western North Pacific, and (d) the 28 strengthening western North Pacific secondary TCs. Each individual wave-
guide is shown with different colored skinny lines, whereas the composite-mean waveguide for each subset is shown
by the bold black contour. The average location of the secondary TCs over the 96-h period from 48 h before the time
of maximum interaction to 48 h after the time of maximum interaction is given by the blue square.

primary TCs are at higher latitudes where large-scale change counterparts (Figs. 4a,b and Table 3), whereas
tropospheric-deep flow is typically stronger (Fig. 4). In  weakening secondary TCs in the western North Pacific
the North Atlantic weakening secondary TCs are slightly are farther north and slightly east of nonweakening
farther north and east than their strengthening or no- secondary TCs (Figs. 4c,d and Table 4).

TABLE 3. Selected parameters for the secondary TCs in the North Atlantic basin, separated by whether the secondary TCs strength-
ened, weakened, or did not change intensity. A change in central pressure of less than 5 hPa over the 96-h period from 48 h before the time
of maximum interaction to 48 h after following the indirect-interaction event classified a TC as no change, an increase of 5 hPa or greater as
weakening, and a decrease of 5 hPa or greater as strengthening. The average time in the life cycle is represented by a 0 for the beginning of
the TC’s life and a 1 for the ending. MP1 is calculated following the calculation in Tang and Emanuel (2012) over a 58 by 58 moving domain
located 48 h ahead of each secondary TC along its track to attain the environmental MPI (i.e., that uninfluenced by the TC). Vertical wind
shear magnitude is calculated over a 58 by 58 moving domain following each secondary TC with the secondary TC’s circulation removed
using vorticity inversion.

Strengthening Weakening No change
Count 10 7 9

Avg normalized time in life (1 5 last advisory, 0 5 first advisory) 0.23 0.41 0.44
Avg normalized intensity relative to MPI (1 5 at MPI, 0 5 0kt) 0.25 0.67 0.21
Avg min sea level pressure change (hPa) 22238 12.6 20.67
Avg 850-200 hPa vertical wind shear magnitude (in ms=%) 4.96 6.68 5.83
Average change in 850-200 hPa vertical wind shear magnitude (in m s=%) 2.08 21.59 0.58
Avg lat 21.88N 23.68N 23.78N
Avg lon 254.58W 2548W 250.48W

Avg great-circle distance from waveguide (km) 607.7 440.8 450
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TABLE 4. As in Table 3, but for the 56 cases in the western North Pacific basin.

Strengthening Weakening No change

Count 28 15 13
Avg normalized time in life (1 5 last advisory, 0 5 first advisory) 0.30 0.66 0.39
Avg normalized intensity relative to MPI (1 5 at MPI, 0 5 0kt) 0.24 0.74 0.30
Avg min sea level pressure change (hPa) 220.8 23.3 20.6
Avg 850-200 hPa vertical wind shear magnitude (ms=?) 2.62 5.22 4.28
Avg change in 850-200 hPa vertical wind shear magnitude (m s=*) 0.02 4.21 111
Avg lat 19.98N 25.48N 24.28N
Avg lon 142.38E 1448E 1528E
Avg great-circle distance from waveguide (km) 986.5 826.3 911.5

Changes in the secondary TCs’ translation speed
and intensity during and after the indirect-interaction
event are small on average but highly variable be-
tween cases. For instance, there is little change in
average translation speed occurring after the time of
maximum interaction for the secondary TCs (Figs. 6¢,d).
There are also minimal impacts to intensity (in terms

of maximum wind speed) for the secondary TCs,
with a 7-kt mean increase in intensity for the North
Atlantic (Fig. 6a) and 6-kt mean increase for the
western North Pacific (Fig. 6b) over the period from
the time of maximum interaction to 48 h after. However,
there is substantial case-to-case variability in intensity
and translation speed before, during, and after the

FIG. 6. Secondary TC (a),(b) intensity (kt) and (c),(d) translation speeds (km hZ') for the (a),(c) North Atlantic
and (b),(d) western North Pacific (right column) basins. The blue line represents the 10th percentile of the dataset,
the red line represents the mean, and the orange line represents the 90th percentile. All fields are shown at 6-h
increments from 48 h prior to through 48 h after the time of maximum interaction between the primary TCs and the
midlatitude waveguide. The weakening (purple line) and strengthening (black line) subsets in (a) and (b) are the

same as those identified in Tables 3 and 4.
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F1G. 7. Maximume-interaction-centered composite-mean 250-150 hPa layer-mean PV (blue contours every 1
PV U starting at 1 PVU), 250-150 hPa layer-mean horizontal wind speed (gray shading in m s=* per the color bar at
right), 250-150 hPa layer-mean irrotational wind (vectors in m s2?; reference vector at lower right), 250-150 hPa
layer-mean PV advection by the layer-mean irrotational wind (red-dashed contours every 23 PVU day?* starting
at 23 PVU day?'), and 250-150 hPa layer-mean divergence (black-dashed contours every 20.3 3 102° 52! starting
at 0s2%) every 24 h from (a) 48 h before the time of maximum interaction to (h) 120 h after the time of maximum
interaction for the North Atlantic basin (n 5 26). Latitude and longitude grid lines are drawn every 108. Meridional-
flow index anomalies [defined as in Archambault et al. (2013) relative to a 1980-2010 monthly mean climatology
between 208-508N and 808—208W; units: m s2] are plotted in white text in the top-right corner of each panel. Note
that spatial composites are centered on the composite-mean location of the maximum interaction, such that the
geography highlighted on the map is for spatial reference only.

indirect-interaction event, as shown by the large differ-
ences between the strengthening and weakening cases in
both basins (Figs. 6a,b). These findings are consistent
with Peirano et al. (2016) and Fischer et al. (2017), as
those studies highlighted significant distinctions in terms
of how TC intensity changes as it encounters a trough,
with these differences being largely tied to the flow ge-
ometry associated with the upstream trough and suggest
the need for case-to-case diagnosis.

With an average separation distance between the
primary and secondary TCs of 2065km in the North
Atlantic and 1630 km in the western North Pacific at the

time of maximum interaction, the primary and second
TCs are sufficiently distant from each other for any
potential influence of the primary TC on the secondary
TC to largely be indirect rather than direct. For instance,
although upwelling locally reduces SST along the pri-
mary TCs’ paths (section 4a), a majority of secondary
TCsfollow a track sufficiently distant from those of their
predecessor primary TCs to not be significantly im-
pacted by this upwelling and its associated atmospheric
impacts (not shown). Further, the separation between
the primary and secondary TCs exceeds the ;1500 km
maximum separation distance required for mutual
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FI1G. 8. As in Fig. 7, but for the western North Pacific basin (n 5 56). The spatial bounds for the meridional-flow
index anomalies in this figure are 208-508N, 1408E—-1208W.

rotation of each TC about the other to occur (Fujiwhara
1921). However, the primary TCs are sufficiently close
to their respective secondary TCs to impart a weak
steering current (in the composite mean) across the
secondary TCs. Inverting the 850-200 hPa layer-mean
relative vorticity within 4.58 of the primary TCs’ center
(following Galarneau and Davis 2013 and Papin 2017) at
the time of maximum interaction results in a 850-
200 hPa layer- and composite-mean nondivergent wind
of 0.57ms= in the North Atlantic and 0.72ms=* in the
western North Pacific across the secondary TCs, albeit
with significant variability between cases (standard de-
viation of 0.57 ms2! in the North Atlantic, 0.77ms2% in
the western North Pacific).

4. Synoptic composites

Two compositing approaches are used to docu-
ment the large-scale flow reconfiguration associated

with the indirect-interaction events described in the
previous section. The first, a maximum-interaction-
centered approach (section 4a), is used to identify
the composite-mean impacts of the primary TCs’ in-
teraction with the midlatitude waveguide on downstream
subtropical to midlatitude pattern (section 4a). The
second, a secondary-TC-centered approach (section 4b),
is used to document variability in the reconfigured
large-scale pattern between secondary TCs that strengthen
and weaken during indirect-interaction events.

a. Composite-mean impacts of primary TCs on their
synoptic-scale environments and the midlatitude
waveguide

The onset of an indirect-interaction event, occur-
ring between 48 and 24 h prior to the time of maxi-
mum interaction in each basin, is characterized by
large composite-mean negative PV advection by the
irrotational wind resulting from the composite-mean
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F1G. 9. Maximum-interaction-centered composite-mean ventilation index anomaly (shaded per the logarithmic color bar at right; blue
shading represents higher ventilation index values and a less conducive environment to TC formation and maintenance and red shading
represents lower values more supportive of TC formation and maintenance) every 48 h from (a),(d) 48 h before the time of maximum
interaction to (c),(f) 48 h after the time of maximum interaction. The thin black line denotes anomalies that are statistically significant to at
least 95% confidence and the thick black line denotes anomalies that are statistically significant to at least 99% confidence. (a)—(c) The
North Atlantic composite and (d)-(f) the western North Pacific composite. Black squares in each panel indicate the composite-mean
location of maximum interaction. Orange squares in (b) and (e) indicate the shifted locations of the secondary TCs (relative to the
composite-mean primary TC location) at the time of maximum interaction for all TCs that did not change in intensity from 48 h before the
time of maximum interaction to 48 h after, blue squares indicate the shifted locations of the secondary TCs that weakened, and green
squares indicate the shifted locations of secondary TCs that strengthened.

upper-tropospheric outflow associated with the composite-
mean primary TCs impinging upon the antecedent
midlatitude waveguide (Figs. 7 and 8a,b ). Concurrently,
the ventilation index is anomalously high to the
south-southeast of the composite-mean location of
maximum interaction in both basins (Figs. 9a,d);
however, this primarily reflects the direct influence of
the composite-mean primary TCs on their immediate
environments. The anomalously high ventilation in-
dex values largely result from anomalously weak
composite-mean MPI (Figs. 10a,d), anomalously high
composite-mean entropy deficit (Figs. 11a,d) and, to
lesser extent, anomalously high composite-mean 850-
200 hPa vertical wind shear (Figs. 12a,d). Upwelling
induced by the primary TCs is the cause of the anom-
alously weak MPI and anomalously large entropy
deficit (not shown; Hart et al. 2007; Schenkel and Hart
2015). The areas of statistical significance are larger in
spatial extent for the western North Pacific than for the
North Atlantic, which is hypothesized to be due to the

smaller spread of primary TC locations (and thus
greater local impact that rises to the level of statistical
significance) in the western North Pacific (Fig. 4).

By the time of maximum interaction, the primary
TC has already been interacting with the midlatitude
waveguide for approximately 1-2 days. Over these 1-
2 days, a tightening of the horizontal PV gradient
between the primary TC and the upstream trough
results in local jet-streak formation and the initial
amplification of the downstream midlatitude wave-
guide (Figs. 7c, 8c). This initial flow reconfiguration
is associated with midtropospheric descent implied
by convergent upper-tropospheric wind equatorward
and on the eastern flank of the immediate downstream
ridge (Figs. 7c, 8c), which can inhibit the formation
of deep, moist convection and promote the intrusion of
dry air from aloft into any TCs in the vicinity (Gray
1968). In the context of the ventilation index, anoma-
lously high ventilation index values are aligned along a
meridional corridor following the poleward movement
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FiG. 10. As in Fig. 9, but for the MPI (units: ms=%, shaded per the linear color bar at right) component of the ventilation index. Blue
shading represents higher MPI and a more conducive environment to TC formation and maintenance and red shading represents lower
MPI and a less conducive environment to TC formation and maintenance.

of the primary TCs (Figs. 9b,e). As at earlier times, the
anomalously large ventilation index values result from
anomalously weak composite-mean MPI (Figs. 10b,e)
and anomalously high composite-mean entropy deficit
(Figs. 11b,e), both of which are again a result of up-
welling along the primary TCs’ track, as well as anom-
alously high composite-mean 850-200 hPa vertical wind
shear (Figs. 12b,e). Elsewhere, anomalously large 850-
200 hPa vertical wind shear magnitude is found in both
basins in association with the amplified midlatitude jet,
primarily poleward of the amplified downstream ridge,
and anomalously low 850-200 hPa vertical wind shear
is found near the center of this ridge (Figs. 12b,e). In
the western North Pacific, however, anomalously large
vertical wind shear also extends equatorward of the
downstream amplified ridge, encompassing the loca-
tions of many of the secondary TCs (Fig. 12e).

Within 24 h after the time of maximum interaction,
anomalously large composite-mean 250-150 hPa layer
averaged PV (to the 99% confidence level; not shown)
extends to the southwest on the equatorward side of the
downstream ridge in the North Atlantic (Fig. 7d), indica-
tive of anticyclonic wave breaking (Thorncroft et al. 1993).
This may suggest that the environment in which some
secondary TCs are embedded becomes less conducive
to TC development and maintenance, as anticyclonic

wave breaking and associated PV streamer formation
can (depending on where a TC is located relative to
these features) increase vertical wind shear and the
associated intrusion of cool and dry midlatitude air
into a TC’s circulation (Galarneau et al. 2015; Zhang
et al. 2017; Zhang and Wang 2018). Anticyclonic wave
breaking is not evident in the western North Pacific
composite (Fig. 8d), however, consistent with the lon-
ger, stronger midlatitude jet along the midlatitude
waveguide being more resilient against Rossby wave
breaking (Wirth et al. 2018).

By two days after the time of maximum interaction,
there is a significant degradation in the signal in the North
Atlantic, consistent with Pohorsky et al. (2019), associ-
ated with the termination of the initiated composite-
mean Rossby wave packet due to wave breaking (Fig. 7e).
Concurrently, many of the statistically significant
impacts to the ventilation index and its compo-
nents directly resulting from the interaction of the
primary TCs with the midlatitude waveguide have
moved well into the midlatitudes and/or become in-
distinct (Figs. 9c—c12c). In the western North Pacific,
however, the downstream signal remains detectable
through three days after the time of maximum in-
teraction (Figs. 8e,f). Anomalously large ventilation
indices remain present over the subtropical portion
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FiG. 11. As in Fig. 9, but for the entropy deficit (units: nondimensional; shaded per the linear color bar at right) component of the
ventilation index. Blue shading represents larger entropy deficits representative of a less conducive environment to TC formation and
maintenance and red shading represents smaller entropy deficit values representative of a more conducive environment to TC formation

and maintenance.

of the western North Pacific (Fig. 9f), which at this
time are almost exclusively the result of anomalously
large vertical wind shear equatorward of the first
downstream ridge (Fig. 12f).

b. Composite-mean secondary-TC-centered
environments

Although the interaction of a primary TC with the
midlatitude waveguide results in the amplification of the
composite-mean downstream pattern, there is signifi-
cant variability in secondary TC locations (colored
squares in Figs. 9b and 9e) relative to the midlatitude
pattern. This motivates a composite analysis centered on
the secondary TCs. For this analysis, secondary TCs are
stratified by whether they intensified or weakened (here
defined by whether their minimum sea level pressure
decreases or increases, respectively, by at least 5hPa)
over the 96-h period centered on the time of maximum
interaction. As is shown below, this analysis demon-
strates how the position of a secondary TC relative to the
amplified midlatitude waveguide, more so than details
of the waveguide’s amplification (e.g., wave-breaking or
lack thereof, amplitude, latitude of waveguide, etc.),
exerts the largest control on the outcome of an indirect-
interaction event on a secondary TC’s intensity. However,

note that this analysis only establishes association and thus
does not establish causation; i.e., the secondary TCs do not
necessarily change intensity as a result of the indirect-
interaction events.

In the North Atlantic, secondary TCs that intensify
following an indirect-interaction event are equatorward
of the downstream (relative to the primary TCs) ridge
(Figs. 5b, 13a-c) in a low-to-moderate shear environ-
ment well-removed from the midlatitude waveguide
(Table 3 and Figs. 13a-c). Conversely, secondary TCs
that weaken following an indirect-interaction event are
displaced southeast of the downstream ridge, closer to
the midlatitude waveguide in a moderate-shear envi-
ronment (Table 3 and Figs. 14a—c), through the time of
maximum interaction (Figs. 5a, 14a,b). This impact is
consistent with that for the case of North Atlantic TC
Jose (2017), which is included within this composite
subset, in Fig. 1, and for North Atlantic TCs Earl, Fiona,
and Gaston (2010) described by Fowler and Galarneau
(2017). Only by 48 h after the time of maximum inter-
action are these TCs situated equatorward of the
downstream ridge (Fig. 14c). Additionally, the pres-
ence of a large negative PV anomaly north of the sec-
ondary TCs at 48h before the time of maximum
interaction for the strengthening storms may enhance
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FIG. 12. As in Fig. 9, but for the 850-200 hPa vertical wind shear magnitude (units: ms=?; shaded per the linear color bar at right)
component of the ventilation index. Blue shading represents larger 850-200 hPa vertical wind shear values representative of a less
conducive environment to TC formation and maintenance and red shading represents smaller 850-200 hPa vertical wind shear values
representative of a more conducive environment to TC formation and maintenance.

easterly flow on the north side of the TC thus ad-
vecting moisture to the up-shear (west) side of the TC
(Figs. 13a,d). This may act to insulate the TC from
dry air intrusion incurred by the indirect interaction
(Galarneau et al. 2015).

In the western North Pacific, weakening versus
strengthening secondary TCs primarily stratify by
latitude, with strengthening secondary TCs being lo-
cated significantly farther south, farther away from
the midlatitude waveguide in a weaker-shear envi-
ronment, as compared to their weakening counter-
parts (Table 4; Figs. 5c¢, 5d, 13d-f, and 14d-f). In these
strengthening cases, the large-scale flow amplification
is confined to latitudes poleward of the secondary
TCs, such that these secondary TCs could be consid-
ered to not be indirect-interaction events given the
apparent lack of impact of the primary TCs on these
secondary TCs’ environments. In contrast, the composite-
mean signal for the weakening secondary TCs in the
western North Pacific suggests that at least some of
these TCs are interacting with the midlatitude wave-
guide themselves, as evidenced by the downstream
ridge building from the composite-mean secondary TC
position two days after the time of maximum interac-
tion (Fig. 14f). Case-study analysis is necessary to

document the extent to which the flow reconfiguration
downstream of the primary TCs contributes to these
weakening secondary TCs, however.

5. Impacts to primary and secondary TC track and
intensity predictability

The previous two sections have demonstrated the
large-scale flow reconfiguration resulting from the
interaction of a primary TC with the midlatitude
waveguide and the conditions under which secondary
TCs typically intensify or weaken during the indirect-
interaction process. Given the basin-wide reduction in
medium-range predictability for forecasts initialized
one to two (or more) days prior to the interaction of a
TC with the midlatitude waveguide (e.g., Harr and
Archambault 2016); however, it is unclear as to the
extent that these secondary TC outcomes are pre-
dictable. In this section, official track and intensity
forecasts issued 24-48h prior to time of maximum
interaction are verified for both primary and second-
ary TCs to provide an answer (at least in part) to this
question.

In terms of official track forecasts, forecasts of both
primary and secondary TC tracks have slightly reduced
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FIG. 13. Secondary-TC-centered composite-mean PV anomalies on the 340-K isentropic surface every 48 h from (a),(d) 48h
before the time of maximum interaction to (c),(f) 48 h after the time of maximum interaction for all strengthening secondary TCs (as
given by the green squares in Figs. 9b and 9e). The wind barbs represent the 850-200 hPa wind shear magnitude (barbs; half-flag:
5 kt, flag: 10 kt, pennant: 50 kt). The thin black line denotes anomalies that are statistically significant to at least 95% confidence and
the thick black line denotes anomalies that are statistically significant to at least 99% confidence. The thick green line represents the
composite-mean 2-PVU isoline on the 340-K isentropic surface averaged over all strengthening cases in each respective basin at
each time. (a)-(c) The North Atlantic composite and (d)—(f) the western North Pacific composite. The blue squares represent the
average location of all secondary strengthening TCs at each time. The anomalies are computed by comparing raw values vs a
climatology defined using a 15-day average centered on the date of each indirect-interaction event (the time of maximum inter-

action) over the period 1980-2010.

predictability compared to climatology through 48h
after forecast issuance, but not to the 95% confidence
level (Figs. 15a,c). However, consistent with previous
studies (McTaggart-Cowan et al. 2007; Fowler and
Galarneau 2017), official forecast track errors for the
primary and secondary TCs in the western North
Pacific and the secondary TCs in the North Atlantic
are associated with significantly reduced predict-
ability between 72 and 96 h after forecast issuance
(Figs. 15a,c). While the cause for these increased
errors is not immediately clear, one possibility is
inaccuracies in forecasting the interaction of the
primary TC with the upstream trough, which is well-
known to be a significant source of forecast error in
forecasts initialized prior to the time of maximum
interaction (e.g., Komaromi et al. 2011; Scheck et al.
2011; Riemer and Jones 2014; Harr and Archambault
2016; Keller et al. 2019). In these forecasts, small
errors in numerical model forecasts originating near
the interaction point between the primary TC and

midlatitude waveguide can propagate downstream
and grow, ultimately impacting the skill of official
track forecasts that are partially based off of nu-
merical model forecasts.

Conversely, in terms of official intensity forecasts,
only forecasts of North Atlantic primary TCs verifying
at 12-48 h after forecast issuance are associated with re-
duced predictability compared to climatology (Fig. 15b).
In fact, in the western North Pacific, both the primary
and secondary TCs are associated with statistically
significantly increased predictability at 72, 96, and
120 h (Fig. 15d). This is an unexpected result, par-
ticularly given the significantly reduced track pre-
dictability at these lead times (Fig. 15b). However,
the sample sizes at these forecast times (particularly
96 and 120 h) are very small, such that only a few TCs
(which may be outliers) contribute to the results
shown (Fig. 15). While preliminary findings suggest
very little correlation between increased wind shear
and increased predictability of the downstream TCs,
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FI1G. 14. As in Fig. 13, but for all weakening TCs (as given by the blue squares in Figs. 9b and 9e).

potential future research could determine whether
TCs in regions of large tropospheric-deep wind shear
are slightly more predictable due to the high likeli-
hood that the TC will weaken given that other pa-
rameters important to intensification/maintenance
are not met (e.g., warm SSTs and high midtropo-
spheric water content; Rios-Berrios and Torn 2017)
or not. Additionally, while a diagnosis of the sec-
ondary storms does not reveal a correlation between
improved forecast skill with storms that systemati-
cally weakened postinteraction, there is an average
improvement in skill [with respect to baseline forecasts
from the Operational Intensity blend of the climatology
and persistence and decay (OCDS5) statistical hurricane
intensity forecast (SHIFOR) models for the North
Atlantic and from the 5 day statistical typhoon intensity
forecast (STIFOR) ST5D model in the western North
Pacific] of approximately 40% at later forecast times
(particularly 72 and 96 h).

6. Conclusions and future work

Substantial research has been published on the in-
teraction of TCs with the midlatitude flow as they
recurve into the midlatitudes and undergo ET, including
the associated reduction in downstream midlatitude
predictability. Separately, others have published on the

concurrence of multiple TCs within a given basin.
However, only a limited number of case studies have
been conducted to examine the influence, direct or in-
direct, that a recurving TC can have on the downstream
subtropical to tropical environment, including second-
ary TCs located within such environments. This study
represents an attempt to bridge this divide by creating a
climatology of indirect TC interaction events facilitated
by TC-waveguide interaction and using this climatology
to document the associated flow reconfiguration in
proximity to the secondary TCs.

Over the 30-yr period between 1989 and 2018, 26 and
56 indirect interactions are identified in the North
Atlantic (Table 1) and western North Pacific (Table 2)
basins, respectively. Consistent with previous studies (as
synthesized in Keller et al. 2019) of TC-waveguide in-
teractions, the interaction of a primary TC with the
midlatitude waveguide results in significant downstream
midlatitude flow reconfiguration, most notably in the
amplification of the immediate downstream ridge, with
impacts lasting up to two to three days after the time of
maximum interaction (Fig. 16). However, with the ex-
ception of increased vertical wind shear equatorward of
the amplified downstream ridge in the western North
Pacific (Figs. 12d-f), most of the associated envi-
ronmental impacts are confined to the midlatitudes.
Additionally, it was found that while upwelling from

020z 1equiaydas gz uo jsenb Aq Jpd 2206 | PAMW/E9ZZ00S/SE0Y/O0 /811 /4pd-ajo1Me/ImwW/B10"00s}oWE"S|BUINOY/:d)Y WOy papeojumod



4054 MONTHLY WEATHER REVIEW

VOLUME 148

FiG. 15. NHC-forecast (a) track (great-circle distance in km) and (c) intensity (kt) error for all cases of all
forecasts of primary (red) and secondary (orange) TCs initialized between 48 to 24 h before the time of
maximum interaction. The red and orange numbers represent the number of valid forecasts at that forecast
lead time for the primary and secondary TCs, respectively. The green and blue numbers represent the number
of TCs used in the averaging at that forecast lead time for the primary and secondary TCs, respectively. The
black lines represent the mean error and the blue shading represents the 2.5th-97.5th percentiles of errors for
all 1989-2018 TCs excluding the primary and secondary TCs (following the procedure described in section 2f).
(b),(d) Asin (a),(c), but for JTWC official forecasts. The 0-h forecast counts in this figure are lower due to the

limited availability of these data.

the primary TCs can impact the environment imme-
diately surrounding them, there are no impacts to the
secondary TCs (not shown). This negligible impact is
likely due to the fact that the secondary TCs do not
usually follow a similar track to their corresponding
initial TCs.

This study identifies two pathways by which a sec-
ondary TC can weaken following an indirect-interaction
event. In the Atlantic, weakening secondary TCs are
closer to the midlatitude waveguide on the southeastern
edge of the amplified midlatitude ridge (consistent with

Fowler and Galarneau 2017), whereas strengthening
secondary TCs are further from the waveguide and
equatorward of the amplified midlatitude ridge
(Table 3; Fig. 16, bottom left). Conversely, western
North Pacific strengthening and weakening secondary
TCsare primarily stratified by latitude, with weakening
secondary TCs located nearly 68 latitude poleward of
their strengthening secondary TC counterparts at the
time of maximum interaction, as opposed to their po-
sitions relative to the midlatitude pattern (Fig. 16,
bottom right). Strengthening secondary TCs remain
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FI1G. 16. Conceptual schematic of the downstream flow reconfiguration and associated environmental changes associated with a primary
TC’sinteraction with the midlatitude waveguide every 48 h between (top) 48 h before the time of maximum interaction and (bottom) 48 h
after the time of maximum interaction. Black vectors denote the upper-tropospheric irrotational wind, orange and red shading denotes
increasing levels of negative PV advection by the upper-tropospheric irrotational wind, and gray shading denotes increasing upper-
tropospheric wind speed. The bottom row is split between the North Atlantic and western North Pacific basins to highlight key differences

between the two basins.

well-equatorward of the midlatitude waveguide and
are largely unaffected by changes in the midlatitude
flow, whereas weakening secondary TCs rapidly ap-
proach the midlatitude waveguide following the time of
maximum interaction (Table 4; Fig. 16, bottom right).
This insight can foster increased forecaster situational
awareness during future indirect-interaction events

that may allow them to make more-skillful secondary-
TC intensity forecasts during and after the time of
maximum interaction. That said, it is arguable as to the
extent that the primary TCs’ interaction with the
midlatitude waveguide influences these outcomes in
either basin; the outcomes depicted herein are merely
associative rather than causative in the absence of
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case-study analyses utilizing numerical-model simula-
tions with piecewise PV inversion techniques.

By definition, indirect-interaction events require
there to be multiple concurrent TCs within a given
basin, the likelihood of which is strongly governed by
the seasonal cycle and modulated by subseasonal
modes of variability such as the Madden-Julian os-
cillation (MJO) and convectively coupled equatorial
waves (Schenkel 2016 and references therein). The
extent to which these modes of variability project
on the synoptic-scale midlatitude pattern before,
during, and after an indirect-interaction event is un-
clear, however. That said, using archived MJO index
data from the Australian Bureau of Meteorology,
a significant portion of the western North Pacific
interactions occur when the MJO is in phases 6 or 7
(not shown), consistent with previous research con-
necting increased TC activity in this basin to these
MJO phases (Li and Zhou 2013; Klotzbach 2014).
Likewise, most North Atlantic indirect-interaction
events occur when the MJO is in phases 1 or 2 (not
shown), which is also consistent with previous works
connecting increased TC activity in the North Atlantic
to these MJO phases (Klotzbach 2010, 2014). Thus,
in both basins, indirect-interaction events are more
frequent when multiple TCs themselves are more
frequent. Further research is necessary to quan-
tify the MJO’s impact, if any, on the flow reconfigu-
rations associated with these indirect-interaction events,
however.

The analyses presented in this research motivate fur-
ther research to better document indirect-interaction
events and their impacts on secondary TCs’ track
and intensity. For instance, case studies are neces-
sary to quantify the extent to which the primary TC
in each case contributes to the subsequent down-
stream flow evolution and secondary TC track and
intensity. Techniques such as piecewise PV inver-
sion (e.g., Grams et al. 2013a,b), analog compositing
(Pohorsky et al. 2019), and ensemble-based sensi-
tivity analysis (e.g., Torn and Hakim 2015; Torn
2016), each as applied to the primary TC and/or
antecedent midlatitude pattern, can be used to di-
agnose such sensitivities. Research is under way to
do so for the indirect interaction between North
Atlantic TCs Irma and Jose in 2017 described in
section 1. Further, the use of the negative PV ad-
vection by the irrotational wind metric to identify
indirect-interaction events leaves out other poten-
tial indirect-interaction pathways, including through
Rossby wave radiation (Schenkel 2016, 2017; Krouse
et al. 2008) and primary-TC outflow into an upper-
tropospheric low that is located in close proximity to
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another TC (e.g., TCs Rita and Philippe in 2005;
Franklin 2006). This could motivate further research
to diagnose the relative occurrence and importance
of each pathway not only in the indirect interactions
identified here but in a larger set of cases. Further,
the forecast-error analysis presented herein focuses
only on forecasts issued by official warning centers,
which represent expert syntheses of a wide range of
available model guidance and observational data.
However, numerical modeling systems likely have
varying skill for these events (e.g., Keller et al.
2011), and future research to quantify such skill
variations may provide insight into the synoptic-
scale conditions and/or model configuration param-
eters that lead to particularly enhanced or degraded
forecast skill. Finally, the sample sizes of indirect-
interaction events in both basins are small, and the
subsets of events by the secondary TCs’ intensity
evolution are even smaller. Future research using a
longer climatology (albeit subject to increasingly large
uncertainty at earlier times) and/or global coupled
ocean-atmosphere model output is warranted to con-
strain the analysis uncertainty resulting from these small
sample sizes.
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