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ABSTRACT
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Significant amplification to the waveguide can occur when a recurving tropical cyclone
(TC) interacts with the midlatitude flow, leading to significant downstream impacts. To this
point in time, TC-midlatitude waveguide interactions have been conceptualized as primarily
being driven by large-scale processes, with convective-scale contributions having been
parameterized or neglected. This three-part study diagnoses the impact TC-midlatitude
waveguide interactions have on the intensity evolution of downstream TCs and the role
convective-scale processes play in TC-midlatitude waveguide interactions.

Recurving TCs in both the North Atlantic and western North Pacific basins frequently
interact favorably with upstream troughs, where a favorable interaction entails the tightening of a
pre-existing potential vorticity (PV) gradient on the eastern flank of the trough, leading to
subsequent downstream flow amplification in the vicinity of a downstream TC. In the Atlantic,
weakening downstream TCs are closer to the midlatitude waveguide on the southeastern edge of
the amplified midlatitude ridge, whereas strengthening downstream TCs are further from the
waveguide and equatorward of the amplified midlatitude ridge. Conversely, western North
Pacific strengthening and weakening secondary TCs are primarily stratified by latitude, with

weakening secondary TCs located poleward of their strengthening secondary TC counterparts.



Convective-scale processes are shown to potentially play a role in determining the
strength and downstream evolution of TC-midlatitude waveguide interactions. This importance
of convective-scale processes on the large-scales is accomplished by way of an inverse energy
cascade supported by the filamentation of intensely negative PV generated by deep, moist
convection. These negative PV anomalies are generated by intense horizonal gradients of
diabatic warming and exist primarily in the middle- to upper-troposphere. While preliminary
sensitivity simulations suggest that convective-scale processes in particular regions of a TC-
midlatitude waveguide interaction may not play a key role in determining the strength, and
subsequent evolution of the interaction, that is not to say that convective-scale processes do not
play a role at all. Additionally, the relative importance of convective-scale processes may depend

on the particular TC-midlatitude waveguide interaction being studied.
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Chapter 1
A CLIMATOLOGY OF INDIRECT TROPICAL

CYCLONE INTERACTIONS IN THE NORTH

ATLANTIC AND WESTERN NORTH PACIFIC BASINS

The close proximity of TCs Irma and Jose in September of 2017 inspired the first part of this
study which builds a larger dataset of cases in which TCs are not only in close proximity to one
another, but where one of the TCs is concurrently interacting favorably with the midaltitude
waveguide. The material in part 1 is drawn from Prince and Evans (2020, Mon. Wea. Rev.) for

which the American Meteorological Society currently holds the copyright.
1.1 Introduction

A significant fraction of tropical cyclones (TCs) recurve into the midlatitude flow in
many tropical basins around the world, with approximately 37% of all western North Pacific TCs
from 1979-2009 recurving (Archambault et al. 2013) and approximately 68% of North Atlantic
TCs from 1950-2010 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 (Jones et

al. 2003; Evans et al. 2017; Keller et al. 2019) and the impact these recurving TCs have on the



midlatitude waveguide (Anwender et al. 2008; Hodges et al. 2008; 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 redistribution
of isentropic PV aloft, wherein PV is reduced (in the Northern Hemisphere) above the level of
maximum diabatic warming near the TCs center (Hoskins et al. 1985; Grams et al. 2011). This
very-low PV air aloft is then advected radially outward, away from the TCs center, by the TCs
divergent secondary circulation, tightening the local PV gradient and facilitating the creation of a
jet or amplification of a pre-existing 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 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 midlatitude waveguide include characteristics of the midlatitude pattern
itself, including but not limited to its antecedent wavelength and amplitude (Torn and Hakim
2015; Quinting and Jones 2016; Wirth et al. 2017; 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 already 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 comprehensive evaluation of TCs which perturb the midlatitude waveguide in the
presence of a secondary TC and the impact this interaction can have on the secondary TCs track
and intensity. Consequently, this study focuses on what is termed an indirect interaction (in
contrast with the direct interaction first conceptualized by Fujiwhara 1921). Herein, an indirect
interaction 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. 1.1). As Irma recurves northward across the Florida peninsula, the TC interacts
with an upstream shortwave trough over the southeastern United States. Negative PV advection
by the primary TCs upper-tropospheric divergent outflow (as conceptualized by Archambault et
al. 2013) tightens the local PV gradient between the TC and upstream trough, leading to local jet-
streak enhancement and subsequent downstream ridge amplification (Fig. 1.1). Intensified upper-
tropospheric northerly flow on the eastern periphery of the Irma-amplified downstream 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 at 1200 UTC on 10 September 2017 to 70 kt/979 hPa at 1200 UTC on 12 September 2017

(Berg 2018).
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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 immediately 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 1989-2018. This climatology provides a
robust dataset for future studies to quantify the extent to which a primary TC can influence a
secondary TCs 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 understanding and
predictability of the potential interaction outcomes, which may in turn lead to improved TC track

and intensity forecasts.

1.2 Methods

1.2.1 Data

Six-hourly data from the European Center 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 80-km resolution on a reduced Gaussian grid with 60 isobaric levels up

to 0.1 hPa. 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 2002-2018.
1.2.2 Case Selection

All classified tropical and subtropical cyclones, no matter their intensity, occurring in the
North Atlantic and western North Pacific basins from 1989-2018 are considered as potential
cases. While classification practices for the North Atlantic do change somewhat during this time
frame, these have been shown to have a 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 restriction) is a single interaction event.


ftp://ftp.nhc.noaa.gov/atcf/archive/

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 partially the result of the
primary TCs 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, i.e.,
-V, xV,PV <0 (1.1)
where VX’ is the 250-150 hPa—averaged irrotational component of the horizontal wind and V,,PV

is the 250-150 hPa—averaged PV gradient. Candidate events must be associated with an
instantaneous metric value of -1 PVU day* or lower at one or more locations within 500 km of
the primary TCs center, consistent with Archambault et al. (2013, 2015; albeit with a coarser
dataset in their study), to be included. Compositing (section 1.2.3) is temporally centered on the
time of maximum interaction, defined as the time at which the interaction 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. 1.2). As Ophelia recurves into the midlatitude flow, an area of negative PV
advection more negative than the -1 PVU day! threshold is present but is located 1500-2000 km
west of TC Ophelia (Fig. 1.2f). 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 (Fig. 1.2f,g), such that the negative PV advection to Ophelia’s west results from other

forcings (e.g., deep, moist convection along the United States 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 mid-tropospheric cyclonic vorticity advection) indicate
that only immediately ahead of a trough is significant amplification to the midlatitude waveguide

by a TC possible (Petterssen and Smeybe 1971; Keller et al. 2019).
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Figure 1.2. In panels (a-d), potential temperature (shaded in K per the color bar at left) on the 2
PVU (Potential Vorticity Unit; 10°® m? st K kg) 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*10° st every 2 s1) at 0000 UTC (a) 1, (b) 2, (c) 3, and (d) 4 October 2011 for
North Atlantic TCs Ophelia (primary; O) and Philippe (downstream; P). In panels (e-h), 250-150
hPa layer-mean PV (blue contours every 2 PVU starting at 1 PVVU), 250-150 hPa layer-mean
horizontal wind speed (shaded in m s per the color bar at right), 250-150 hPa layer-mean
irrotational wind (vectors; m s1; reference vector at lower right), 250-150 hPa advection of the
layer-mean potential vorticity by the layer-mean irrotational wind (red-dashed contours every -3
PVU daystarting at -1 PVU day?) at the same times as in panels (a-d). Latitude and longitude
grid lines are drawn every 10°.
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1.2.3 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 48-h following the time of maximum interaction. The first
approach composites around the fixed spatial location of the maximum absolute value of
negative PV advection by the irrotational wind at the time of maximum interaction between the
primary TC and the midlatitude waveguide (as in Archambault et al. 2015). The second approach
is spatially centered on the (temporally variable) secondary TCs’ locations. Both approaches use
a domain encompassing +/- 37.5° latitude and 45° longitude west to 90° longitude east of their
respective centering points and are generated for a 96-h period between 48-h prior to and 48-h
after the time of maximum interaction of the primary TC with the midlatitude waveguide.

1.2.4 Ventilation Index Calculation

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

A= UshearXm (12)

upr
where Ugy.qr = |Vgs0 — Y200/ 1S the bulk environmental vertical wind shear magnitude between
850 and 200 hPa, up; is the maximum potential intensity (MPI), and y,, is the nondimensional

entropy deficit. The entropy deficit y,,, is defined as:

Yy = B Em (1.3)

"
SssT~ Sb

12



where s,, is the saturation entropy at 600 hPa in the TCs inner core, s,, is the environmental
entropy at 600 hPa, sg¢; IS the saturation entropy at the sea-surface temperature (SST), and s, 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 coarseness of the ERA-Interim SST data, the SST data is substituted with daily
optimume-interpolation 0.25° SST 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 instead using the ERA-Interim SSTs
(not shown). Additional information on the calculation of the ventilation index on the gridded
ERA-Interim domain can be found in Appendix A.

1.2.5 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 intensity forecasts are verified. Errors are calculated following NHC
operational practice, such that only TCs which attain tropical-storm or hurricane/typhoon status
are included in the evaluation. Additionally, forecasts which verify over land are included, but
forecasts verifying after the TC is no longer classified as tropical are excluded. Forecast errors
for both primary 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 24-48 h before the time of maximum interaction. This time corresponds
with the times at which the basin-wide predictability at medium-ranges (e.g., 2-5+ 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).
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1.2.6 Statistical-Significance Testing

The extent to which composite-mean atmospheric fields (sections 1.2.3-1.2.4) and
official-forecast track and intensity errors (section 1.2.5) are significantly different from
climatology is assessed using Monte Carlo bootstrapping (Efron and Tibshirani 1994).

For composite-mean atmospheric fields, the climatology is defined using a fifteen-day
average centered on the date of each indirect-interaction event (the time of maximum interaction)
over the period 1980-2010, with this 30-year duration selected following current operational
practices for defining climate normals. Next, 1,000 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 climatology to 95% confidence
when they are smaller than the 25™M-ranked or larger than the 975"-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 1989-2018 excluding the primary
and secondary TCs. Next, 10,000 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 samples 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 climatology to 95%
confidence when they are smaller than the 250™"-ranked or larger than the 9750"-ranked samples

of climatological mean forecast errors.

1.3 Event Climatology
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Twenty-six indirect interactions are identified for the North Atlantic basin (Table 1.1),
whereas 56 are identified for the western North Pacific basin (Table 1.2). It is speculated that the
greater number of events for the western North Pacific largely results from the larger number of
TCs in this basin (approximately 24 TCs per year over the 30-year climatology; JTWC 2018) as
compared to the North Atlantic basin (approximately 15 TCs per year over the 30-year
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
extremely 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. 1.3). 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 Fig. 3b,d).
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Primary TC Secondary TC Date of Maximum Interaction Metric
Storm Name Storm Name Interaction (PVU day?)
Florence (2006) Gordon (2006) Sep 11 0600 UTC -2.87
Floyd (1999) Gert (1999) Sep 16 0000 UTC -2.20
Ivan (2004) Jeanne (2004) Sep 8 1800 UTC -1.88
Matthew (2016) Nicole (2016) Oct 8 1800 UTC -1.72
Irene (2011) Jose (2011) Aug 28 0600 UTC -1.60
Jeanne (2004) Karl (2004) Sep 17 1200 UTC -1.58
Odette (2003) Peter (2003) Dec 8 0000 UTC -1.42
Igor (2010) Julia (2010) Sep 19 0600 UTC -1.41
Irma (2017) Jose (2017) Sep 10 1800 UTC -1.29
Gabrielle (2001) Felix (2001) Sep 14 1800 UTC -1.27
Karl (2016) Lisa (2016) Sep 250000 UTC -1.24
Fabian (2003) Isabel (2003) Sep 71200 UTC -1.22
Karl (2004) Lisa (2004) Sep 21 0000 UTC -0.92
Gordon (2000) Helene (2000) Sep 16 1800 UTC -0.79
Isidore (2002) Kyle (2002) Sep 250600 UTC -0.79
Michael (2000) Nadine (2000) Oct 19 1200 UTC -0.76
Maria (2005) Nate (2005) Sep 24 0000 UTC -0.73
Fran (1996) Hortense (1996) Aug 30 1800 UTC -0.60
Hanna (2008) Ike (2008) Sep 31800 UTC -0.56
Karl (1998) Jeanne (1998) Sep 26 1800 UTC -0.55
Katrina (2005) Lee (2005) Aug 30 1800 UTC -0.52
Earl (2010) Fiona (2010) Aug 31 1800 UTC -0.52
Danielle (2010) Earl (2010) Aug 29 1200 UTC -0.49
Isabel (2003) Juan (2003) Sep 17 1800 UTC -0.34
Gustav (2008) Hanna (2008) Aug 31 1200 UTC -0.30
Gustav (1990) Hortense (1990) Sep 11800 UTC -0.10

Table 1.1. Climatological information on all twenty-six primary and secondary TCs in the North
Atlantic basin, as sorted in decreasing order based on the magnitude of the temporally (from 48
hours before the time of maximum interaction to 48 hours after) and spatially (over a box
extending 7.5 in all directions from the location of maximum interaction) averaged value of the
interaction metric, as defined by Archambault et al. (2013).
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Primary TC Storm

Name

Lan (2017)
Soulik (2006)
Songda (2004)
Wipha (2013)

Talas (2011)

Megi (2004)

Podul (2001)

Fitow (2013)
Melor (2009)

Zeb (1998)
Tokage (2004)

Francisco (2013)
Saomai (2000)
Jelawat (2012)
Bolaven (2012)

Lupit (2009)

Kompasu (2010)
Chaba (2010)

Rusa (2002)
Ketsana (2003)

Ryan (1992)
Dianmu (2004)

Fitow (2007)
Haiyan (2001)

Chan-Hom (2015)
David (1997)

Goni (2015)

Aere (2004)

Nida (2004)

Zane (1996)

Chanthu (2016)
Rammasun (2002)
Robyn (1993)
Mawar (2005)
Prapiroon (2012)
Chataan (2002)
Shanshan (2006)

Secondary TC Storm

Name

Saola (2017)
Rumbia (2006)
Sarika (2004)
Francisco (2013)
Noru (2011)
Aere (2004)
Ling-Ling (2001)
Danas (2013)
Nepartak (2009)
Babs (1998)
Nock-Ten (2004)
Lekima (2013)
Sonamu (2000)
Ewiniar (2012)
Tembin (2012)
Mirinae (2009)
Malou (2010)
Seventeen (2010)
Sinlaku (2002)
Parma (2003)
Sibyl (1992)
Mindulle (2004)
Danas (2007)
Podul (2001)
Nangka (2015)
Ella (1997)
Atsani (2015)
Chaba (2004)
Omais (2004)
Yates (1996)
Mindulle (2016)
Chataan (2002)
Steve (1993)
Guchol (2005)
Maria (2012)
Halong (2002)
Yagi (2006)
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Date of Maximum
Interaction

Oct 21 1200 UTC
Oct 6 0000 UTC
Sep 7 0600 UTC
Oct 15 1200 UTC
Sep 21200 UTC
Aug 18 0600 UTC
Oct 26 1200 UTC
Oct 4 0600 UTC
Oct 70000 UTC
Oct 17 0000 UTC
Oct 20 1200 UTC
Oct 24 1800 UTC
Sep 150000 UTC
Sep 29 0600 UTC
Aug 28 0600 UTC
Oct 26 1800 UTC
Sep 11800 UTC
Oct 30 0600 UTC
Aug 31 1800 UTC
Oct 25 0600 UTC
Sep 10 1800 UTC
Jun 21 0600 UTC
Sep 71800 UTC
Oct 17 1800 UTC
Jul 12 0000 UTC
Sep 16 1200 UTC
Aug 25 0600 UTC
Aug 30 1800 UTC
May 20 0600 UTC
Sep 29 0600 UTC
Aug 17 0000 UTC
Jul 50600 UTC
Aug 10 0000 UTC
Aug 25 0000 UTC
Oct 18 0600 UTC
Jul 10 1800 UTC
Sep 17 1800 UTC

Interaction Metric
(PVU day?)
-3.69
-3.56
-3.54
-3.47
-3.20
-3.16
-3.12
-3.07
-2.90
-2.70
-2.58
-2.46
-2.46
-2.44
-2.38
-2.26
-2.26
-2.23
-2.21
-2.19
-2.18
-2.13
-2.06
-2.06
-2.02
-2.01
-1.92
-1.91
-1.91
-1.87
-1.87
-1.85
-1.78
-1.63
-1.57
-1.57
-1.56



Kong-Rey (2013)
Fung-Wong (2014)
Prapiroon (2000)
Mindulle (2004)
Page (1990)
Roger (1989)
Omar (1992)
Sinlaku (2008)
Pabuk (2001)
Kong-Rey (2018)
Orchid (1994)
Olga (1999)
Muifa (2011)
Violet (1996)
Walt (1994)
Rosie (1997)
Damrey (2012)
Rumbia (2018)
Morakot (2009)

Toraji (2013)
Kalmaegi (2014)
Saomai (2000)
Ting-Ting (2004)
Owen (1990)
Sarah (1989)
Polly (1992)
Sixteen (2008)
Wautip (2001)
Trami (2018)
Ruth (1994)
Paul (1999)
Merbok (2011)
Tom (1996)
Zeke (1994)
Scott (1997)
Haikui (2012)
Soulik (2018)
Etau (2009)

Aug 31 0000 UTC
Sep 23 1800 UTC
Aug 31 0600 UTC
Jul 4 0600 UTC
Nov 29 0000 UTC
Aug 26 0600 UTC
Aug 31 1200 UTC
Sep 10 0600 UTC
Aug 21 0000 UTC
Sep 30 0600 UTC
Sep 26 1200 UTC
Aug 3 0000 UTC
Aug 7 1200 UTC
Sep 17 0000 UTC
Jul 20 0600 UTC
Jul 25 0600 UTC
Jul 30 0600 UTC
Aug 16 0600 UTC
Aug 9 0600 UTC

-1.45
-1.34
-1.31
-1.10
-1.09
-1.07
-1.04
-0.96
-0.92
-0.91
-0.82
-0.82
-0.74
-0.53
-0.49
-0.47
-0.42
-0.41
-0.34
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Table 1.2. As in Table 1.1, except for the 56 cases in the western North Pacific basin.
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Figure 1.3. Indirect-interaction occurrence (light grey 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. The bottom two plots (c,d) are the same as in
(a,b) except for the western North Pacific.



The indirect interactions identified herein are associated with highly variable tracks for
both the primary and secondary TCs (Fig. 1.4) and correspondingly variable midlatitude flow
configurations (Fig. 1.5). 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 (Fig. 1.4a,c) that is most
pronounced in the North Atlantic (Fig. 1.4a). 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 primary TCs are at higher latitudes where large-scale tropospheric-deep
flow is typically stronger (Fig. 1.4). In the North Atlantic weakening secondary TCs are slightly
further north and east than their strengthening or no-change counterparts (Fig. 1.4a,b and Table
1.3), whereas weakening secondary TCs in the western North Pacific are further north and

slightly east of non-weakening secondary TCs (Fig. 1.4c,d and Table 1.4).

20



40°N 40°N
20°N 20°N
Hosw 30°W  100°W
40°N 40°N
20°N 20°N
0 /éﬁj 14(§)°E 160°E 180° 0 J/lgoﬂé_‘ 14(§)°E :60°E 180°

Figure 1.4. Best-track TC tracks for all indirect-interaction primary TCs (as given by the thin
grey 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 six-hour increments. Panels (a) and (c) depict
tracks shifted to the average primary-TC location at the time of maximum interaction, whereas
panels (b) and (d) show the 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 which 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.
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Figure 1.5. 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 interaction for (a) the seven weakening North Atlantic, (b) the ten
strengthening North Atlantic, (c) the fifteen weakening western North Pacific, and (d) the
twenty-eight strengthening western North Pacific secondary TCs. Each individual waveguide 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.

22



Changes in the secondary TCs’ translation speed and intensity during and after the
indirect-interaction event are small on average but highly variable between cases. For instance,
there is little change in average translation speed occurring after the time of maximum
interaction for the secondary TCs (Fig. 1.6c¢,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. 1.6a) and 6-kt mean increase for the western North Pacific (Fig. 1.6b)
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 indirect-
interaction event, as shown by the large differences between the strengthening and weakening
cases in both basins (Fig. 1.6a,b). These findings are consistent with Peirano et al. (2016) and
Fischer et al. (2019), 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

geometry associated with the upstream trough and suggest the need for case-to-case diagnosis.
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Figure 1.6. Secondary TC (a, b) intensity (kt) and (c, d) translation speeds (km h-t) for the (a, c)
North Atlantic and (b, d) western North Pacific (right column) basins. The blue line represents
the 10™ percentile of the dataset, the red line represents the mean, and the orange line represents
the 90™ percentile. All fields are shown at six-hour 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 and strengthening subsets are the same as those identified in Tables 1.3 and 1.4.
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With an average separation distance between the primary and secondary TCs of 2065 km
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 primary TCs’ paths (section 1.4.1), a
majority of secondary TCs follow a track sufficiently distant from those of their predecessor
primary TCs to not be significantly impacted by this upwelling and its associated atmospheric
impacts (not shown). Further, the separation between the primary and secondary TCs exceeds the
~1,500 km maximum separation distance required for mutual 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 4.5° 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 0.57 m s in the North
Atlantic and 0.71 m st in the western North Pacific across the secondary TCs, albeit with
significant variability between cases (standard deviation of 0.57 m st in the North Atlantic, 0.77

m s in the western North Pacific).

1.4 Synoptic Composites

Two compositing approaches are used to document the large-scale flow reconfiguration
associated with the indirect-interaction events described in the previous section. The first, a
maximume-interaction-centered approach (section 1.4.1), is used to identify the composite-mean
impacts of the primary TCs’ interaction with the midlatitude waveguide on downstream

subtropical to midlatitude pattern (section 1.4.1). The second, a secondary-TC-centered approach
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(section 1.4.2), is used to document variability in the reconfigured large-scale pattern between

secondary TCs that strengthen and weaken during indirect-interaction events.

1.4.1 Composite-mean impacts of primary TCs on their synoptic-scale

environments and the midlatitude waveguide

The onset of an indirect-interaction event, occurring between 48- and 24-h prior to the
time of maximum interaction in each basin, is characterized by large composite-mean negative
PV advection by the irrotational wind resulting from the composite-mean upper-tropospheric
outflow associated with the composite-mean primary TCs impinging upon the antecedent
midlatitude waveguide (Figs. 1.7-1.8a,b). Concurrently, the ventilation index is anomalously
high to the south-southeast of the composite-mean location of maximum interaction in both
basins (Fig. 1.9a,d); however, this primarily reflects the direct influence of the composite-mean
primary TCs on their immediate environments. The anomalously high ventilation index values
largely result from anomalously weak composite-mean MPI (Fig. 1.10a,d), anomalously high
composite-mean entropy deficit (Fig. 1.11a,d) and, to lesser extent, anomalously high composite-
mean 850-200 hPa vertical wind shear (Fig. 1.12a,d). Upwelling induced by the primary TCs is
the cause of the anomalously weak MPI and anomalously large entropy deficit (see Appendix A;
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. 1.4).
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Figure 1.7. Maximum-interaction-centered composite-mean 250-150 hPa layer-mean PV (blue
contours every 1 PVU starting at 1 PVU), 250-150 hPa layer-mean horizontal wind speed (grey
shading in m s per the color bar at right), 250-150 hPa layer-mean irrotational wind (vectors in
m s1; reference vector at lower right), 250-150 hPa layer-mean PV advection by the layer-mean
irrotational wind (red-dashed contours every -3 PVU day starting at -3 PVU day?), and 250-150
hPa layer-mean divergence (black-dashed contours every -0.3 * 10-° s* starting at 0 s%) 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 = 26). Latitude and longitude grid lines are drawn
every 10°. Meridional-flow index anomalies (defined as in Archambault et al. 2013 relative to a
1980-2010 monthly-mean climatology between 20-50°N, 80-20°W; units: m s1) are plotted in
white text in the upper-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.
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Figure 1.8. As in Fig. 1.7, except for the western North Pacific basin (n = 56). The spatial
bounds for the meridional-flow index anomalies in this figure are 20-50°N, 140°E-120°E.
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Figure 1.9. 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. Panels (a-c) represent the North Atlantic composite whereas panels (d-f) represent the western North Pacific composite.
Black squares in each panel indicate the composite-mean location of maximum interaction. Orange squares in panels (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 which did not change in intensity from 48 hours before the time of maximum interaction to 48 hours 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.
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Figure 1.10. As in Fig. 1.9, except for the MPI (units: m s, 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.
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Figure 1.11. As in Fig. 1.9, except 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.
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Figure 1.12. As in Fig. 1.9, except for the 850-200 hPa vertical wind shear magnitude (units: m s*; 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.



By the time of maximum interaction, the primary TC has already been interacting with
the midlatitude waveguide for approximately one-to-two days. Over these one-to-two 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
waveguide (Figs. 1.7c, 1.8c). 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. 1.7c, 1.8¢), 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, anomalously high ventilation index values
are aligned along a meridional corridor following the poleward movement of the primary TCs
(Fig. 1.9b,e). As at earlier times, the anomalously large ventilation index values result from
anomalously weak composite-mean MPI (Fig. 1.10b,e) and anomalously high composite-mean
entropy deficit (Fig. 1.11b,e), both of which are again a result of upwelling along the primary
TCs’ track, as well as anomalously high composite-mean 850-200 hPa vertical wind shear (Fig.
1.12b,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 (Fig. 1.12b,e). In the western North Pacific, however, anomalously large
vertical wind shear also extends equatorward of the downstream amplified ridge, encompassing
the locations of many of the secondary TCs (Fig. 1.12e).

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. 1.7d),
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indicative 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 TCs 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. 1.8d), however, consistent with the
longer, 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), associated with the
termination of the initiated composite-mean Rossby wave packet due to wave breaking (Fig.
1.7e). Concurrently, many of the statistically significant impacts to the ventilation index and its
components directly resulting from the interaction of the primary TCs with the midlatitude
waveguide have moved well into the midlatitudes and/or become indistinct (Figs. 1.9-1.12c¢). In
the western North Pacific, however, the downstream signal remains detectable through three
days after the time of maximum interaction (Fig. 1.8e,f). Anomalously large ventilation indices
remain present over the subtropical portion of the western North Pacific (Fig. 1.9f), which at this
time are almost exclusively the result of anomalously large vertical wind shear equatorward of

the first downstream ridge (Fig. 1.12f).
1.4.2 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 significant variability in

38



secondary TC locations (colored squares in Fig. 1.9b,e) 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 5 hPa) over the 96-h period
centered on the time of maximum interaction. As is shown below, this analysis demonstrates
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 TCs 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. 1.5b, 1.13a-c) ina
low-to-moderate shear environment well-removed from the midlatitude waveguide (Table 1.3).
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
environment (Table 1.3), through the time of maximum interaction (Figs. 1.5a, 1.14a-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. 1.1, 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

interaction are these TCs situated equatorward of the downstream ridge (Fig. 1.14c).

39



Atlantic Strengthening Weakening No Change
Count 10 7 9
Average normalized
time in life (l_:_last 0.23 0.41 0.44
advisory, 0 = first
advisory)
Average normalized
intensity relative to
MPI (1 = at MPI, 0 = 0.25 0.67 0.21
0 kt)
Average minimum
sea-level pressure -22.8 hPa 12.6 hPa -0.67 hPa
change (hPa)
Average 850-200 hPa
vertical wind shear 496 mst 6.68 ms? 5.83ms?
magnitude (in m s1)

Average change in

850-200 hPa vertical 2,08 m st 159 m st 0.58 m 51
wind shear
magnitude(in m s1)

Average Latitude 21.8°N 23.6°N 23.7°N
Average Longitude -54.5°W -54° W -50.4° W
Average great-circle

distance from 607.7 km 440.8 km 450 km
waveguide (km)

Table 1.3. Selected parameters for the secondary TCs in the North Atlantic basin, separated by
whether the secondary TCs strengthened, weakened, or did not change intensity. A change in
central pressure of less than 5 hPa over the 96-hour period from 48 hours before the time of
maximum interaction to 48 hours 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
TCs life and a 1 for the ending. MPI is calculated following the calculation in Tang and Emanuel
(2012) over a 5° by 5° 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 5° by 5° moving domain following each secondary TC with the
secondary TCs circulation removed using vorticity inversion.
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Figure 1.13. Secondary-TC-centered composite-mean PV anomalies on the 340-K isentropic surface 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 for all strengthening secondary TCs (as
given by the green squares in Fig. 9b,e). 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 instantaneous 2 PVU level on the 340-K isentropic surface averaged over all strengthening cases in each respective
basin. Panels (a-c) represent the North Atlantic composite whereas panels (d-f) represent the western North Pacific composite. The
blue squares represent the average location of the secondary TCs at each time. The anomalies are computed by comparing raw values
versus a climatology defined using a fifteen-day average centered on the date of each indirect-interaction event (the time of maximum
interaction) over the period 1980-2010.
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In the western North Pacific, weakening versus strengthening secondary TCs primarily
stratify by latitude, with strengthening secondary TCs being located significantly further south,
further away from the midlatitude waveguide in a weaker-shear environment, as compared to
their weakening counterparts (Table 1.4; Figs. 1.5cd, 1.13d-f, 1.14d-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 considered 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 waveguide
themselves, as evidenced by the downstream ridge building from the composite-mean secondary
TC position two days after the time of maximum interaction (Fig. 1.14f). 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.
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Pacific Strengthening Weakening No Change
Count 28 15 13
Average normalized
time in life (l_:_last 0.30 0.66 0.39
advisory, 0 = first
advisory)
Average normalized
intensity relative to
MPI (1 = at MPI, 0 = 0.24 0.74 0.30
0 kt)
Average minimum
sea-level pressure -20.8 hPa 23.3 hPa -0.6 hPa
change (hPa)
Average 850-200 hPa
vertical wind shear 2.62mst 522mst 428 mst
magnitude (m s)
Average change in
850-200 hPa vertical 0.02mst 421 mst 111 ms?
wind shear magnitude
(ms)
Average latitude 19.9°N 254° N 24.2°N
Average longitude 142.3° E 144° E 152°E
Average great-circle
distance from 986.5 km 826.3 km 911.5 km

waveguide (km)

Table 1.4. As in Table 1.3, except for the 56 cases in the western North Pacific basin.
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1.5 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 predictable. In this section, official track and intensity forecasts issued 24-48 h prior to time
of maximum interaction are verified for both primary and secondary 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 predictability compared to climatology through 48 h after forecast
issuance, but not to the 95% confidence level (Fig. 1.15a,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 predictability between 72-96 h after
forecast issuance (Fig. 1.15a,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
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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 numerical
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 reduced
predictability compared to climatology (Fig. 1.15b). 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. 1.15d). This is an unexpected result, particularly given
the significantly reduced track predictability at these lead times (Fig. 1.15b). 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. 1.15). While preliminary
findings suggest very little correlation between increased wind shear and increased predictability
of the downstream TCs, potential future research could determine whether TCs in regions of
large tropospheric-deep wind shear are slightly more predictable due to the high likelihood that
the TC will weaken given that other parameters important to intensification/maintenance are not
met (e.g. warm SSTs and high midtropospheric water content; Rios-Berrios and Torn 2017) or
not. Additionally, while a diagnosis of the secondary storms does not reveal a correlation
between improved forecast skill with storms which systematically weakened post-interaction,
there is an average improvement in skill (with respect to baseline forecasts from the OCD5
[Operational Intensity blend of the Climatology and Persistence and Decary SHIFOR models]
for the North Atlantic and from the ST5D [5 day STIFOR model] in the western North Pacific)

of approximately 40% at later forecast times (particularly 72- and 96-h).
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Figure 1.15. 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 hours 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 2.5-97.5" percentiles of errors for all 1989-
2018 TCs excluding the primary and secondary TCs (following the procedure described in
section 2f). (b, d) As in (a, c), except for JTWC official forecasts. The 0-h forecast counts in this
figure are lower due to the limited availability of these data.
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1.6 Conclusions

Substantial research has been published on the interaction 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 indirect, that a recurving TC can have on the
downstream subtropical to tropical environment, including secondary 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 thirty-year period between 1989-2018, twenty-six and 56 indirect interactions
are identified in the North Atlantic (Table 1.1) and western North Pacific (Table 1.2) basins,
respectively. Consistent with previous studies (as synthesized in Keller et al. 2019) of TC-
waveguide interactions, 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. 1.16). However, with the exception of increased vertical wind shear
equatorward of the amplified downstream ridge in the western North Pacific (Fig. 1.12d-f), most
of the associated environmental impacts are confined to the midlatitudes. Additionally, it was
found that while upwelling from the primary TCs can impact the environment immediately

surrounding them, there are no impacts to the secondary TCs (see Appendix A).
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Figure 1.16. Conceptual schematic of the downstream flow reconfiguration and associated
environmental changes associated with a primary TCs interaction 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 grey 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.
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This study identifies two pathways by which a secondary 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 1.3; Fig. 1.16, bottom left). Conversely,
western North Pacific strengthening and weakening secondary TCs are primarily stratified by
latitude, with weakening secondary TCs located nearly 6° latitude poleward of their
strengthening secondary TC counterparts at the time of maximum interaction, as opposed to their
positions relative to the midlatitude pattern (Fig. 1.16, bottom right). Strengthening secondary
TCs remain well-equatorward of the midlatitude waveguide and are largely unaffected by
changes in the midlatitude flow, whereas weakening secondary TCs rapidly approach the
midlatitude waveguide following the time of maximum interaction (Table 1.4; Fig. 1.16, 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
case-study analyses utilizing numerical-model simulations 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 sub-seasonal modes of variability such as the Madden-Julian Oscillation (MJO)

and convectively coupled equatorial waves (Schenkel 2016 and references therein). The extent to
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which these modes of variability project on the synoptic-scale midlatitude pattern before, during,
and after an indirect-interaction event is unclear, 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 connecting 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 s 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 quantify the MJO’s impact, if any,
on the flow reconfigurations associated with these indirect-interaction events, however.

The analyses presented in this research motivate further research to better document
indirect-interaction events and their impacts on secondary TCs’ track and intensity. For instance,
case studies are necessary to quantify the extent to which the primary TC in each case
contributes to the subsequent downstream flow evolution and secondary TC track and intensity.
Techniques such as piecewise PV inversion (e.g., Grams et al. 2013a,b), analog compositing
(Pohorsky et al. 2019), and ensemble-based sensitivity 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 diagnose 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 1.1. Further, the use of the
negative PV advection by the irrotational wind metric to identify indirect-interaction events
leaves out other potential indirect-interaction pathways, including through Rossby wave

radiation (Schenkel 2016, 2017; Krause and Sobel 2008) and primary-TC outflow into an upper-
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tropospheric low that is in close proximity to 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 parameters
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 constrain the analysis uncertainty resulting from these small sample sizes.

53



Chapter 2

A Case-Study Analysis of Convective-Scale Contributions to
Midlatitude Waveguide Preconditioning Preceding a

Tropical Cyclone-Midlatitude Waveguide Interaction

As previously noted, global forecast models such as the Global Forecast System (GFS) or
European Centre for Medium-Range Weather Forecasts (ECMWF) Integrated Forecast System
can struggle to accurately represent the interaction between a TC and the midlatitude waveguide,
leading to large forecast errors downstream. The source of this error has been hypothesized to be
the misrepresentation of convective-scale processes, and the intense diabatic hearting associated
with it, in TC-trough interaction (Anwender et al. 2008). While the current horizontal and
vertical resolutions of both the GFS and ECMWF models can resolve the impact stratiform
heating profiles have on the moist potential temperature field, convective-scale processes will
still be parameterized. This naturally leads to the question of if the source of error in TC-
midlatitude waveguide interactions (and the indirect interactions discussed in Section 1) is the
misrepresentation of convective-scale processes and, if so, how do these errors contribute to the
larger scales (e.g., physically how do convective-scale processes meaningfully impact the large-
scale flow)? The work in this section has been provisionally accepted for publication in the

Journal of the Atmospheric Sciences.

2.1 Introduction

The recurvature of a TC from the tropics or subtropics into the midlatitudes may lead to

highly amplified midlatitude waveguide patterns locally and downstream from the recurving TC
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due to interaction between the TC and an upstream midlatitude trough. In a TC-trough
interaction, strong latent heat release inside of the TC leads to the vertical redistribution of low
potential-vorticity (PV) air into the upper troposphere. When the interaction is favorable, the TC
recurves east of the bifurcation point (Riemer and Jones 2014), in which the low PV air in the
core of the TC is then diabatically driven radially away from the TCs core by the TCs secondary
circulation against the eastern flank of an upstream midlatitude trough. This advection of near-
zero PV air tightens the local PV gradient on the east side of the trough, leading to local jet
streak formation and subsequent downstream impacts which can last for several days
(Archambault et al. 2013, 2015; Grams and Archambault 2016; Grams et al. 2011, 2013a,b).
Outcomes of TC-trough interactions depend on the inertial stability of the jet (as dictated by the
jet speed and latitude), the shape and phase speed of the upstream trough, and the magnitude of
the TCs outflow (Finocchio and Doyle 2019; Komaromi and Doyle 2018; Riemer and Jones
2014). The impacts from TC-trough interactions can extend several thousand kilometers
downstream, with recent downstream high-impact weather such as indirect TC interactions
(Prince and Evans 2020), high-impact precipitation events (Pohorsky et al. 2019), blocking
anticyclones (Riboldi et al. 2019), and the formation of PV streamers (Keller 2017; Quinting and
Jones 2016; Riemer et al. 2008; Riemer and Jones 2010) being attributed to upstream TC-trough
interactions.

Interactions between TCs and the midlatitude waveguide may be occasionally
accompanied by preconditioning (Grams and Archambault 2016). Preconditioning is often
manifest in the form of a predecessor rain event (PRE), a meso- and/or subsynoptic-scale region
of high-impact heavy rainfall well in advance of a recurving TC (Cote 2007; Galarneau et al.

2010). Warm, moist air advected poleward by a TCs outer circulation impinges upon a baroclinic
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zone 500-2000 km away (Bosart and Carr 1978), whereupon it ascends and generates a broad
region of stratiform precipitation with embedded deep, moist convection. The vertical gradient of
diabatic warming in both deep, moist convection and stratiform precipitation reduces upper-
tropospheric potential vorticity (PV) through vertical redistribution. Diabatically driven
divergent outflow above the PRE radially advects this low-PV air away from the PRE near the
tropopause (Keller et al. 2019). This diabatically driven negative PV advection aloft associated
with convective and stratiform precipitation inside of the PRE is analogous to the diabatically
driven negative PV advection aloft by a TCs secondary circulation (Archambault et al. 2013),
which can assist with anchoring of the midlatitude jet and the diabatic formation of a Rossby
wave (Grams et al. 2011; Grams and Archambault 2016; Keller et al. 2019).

On synoptic scales, it is often assumed that vertical diabatic-heating gradients are the
primary contributors to isentropic PV non-conservation following the motion, with horizontal
diabatic-heating gradients having a secondary, often negligible contribution. Consequently, the

PV tendency equation along an isentropic surface is often written as:

D 1 a0

PV =58+ 5 (21)
where g = _32_2’ { is the relative vorticity, p is pressure, 6 is the diabatic heating rate, 6 is

potential temperature, g is gravity, and f is the Coriolis parameter. However, (2.1) does not hold
in the presence of strong horizontal diabatic-heating gradients, such as those found with
individual thunderstorms.

On thunderstorm scales, deep, moist convection in a vertically sheared background flow
can generate PV anomalies with values an order of magnitude larger than typical synoptic-scale

PV anomalies (Chagnon and Gray 2009; Oertel et al. 2020). In a PV framework, this is
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represented by intense horizontal gradients of diabatic warming 8 (Chagnon and Gray 2009),

which are not represented in (2.1) and require the fully three-dimensional form written as:
D 1 N .
—PV = —=[(VX T+ fk) - V40] (2.2)

where 75 = (u, v, §) represents the three-dimensional wind on an isentropic surface, V =
(0x, 9, 0g) represents the three-dimensional gradient operator on an isentropic surface, and k =

(0,0,1) represents the unit vector perpendicular to an isentropic surface.

This process is analogous to the tilting of horizontal vorticity into the vertical by a localized
updraft that produces cyclonic and anticyclonic circulations straddling the updraft (e.g., Davies-
Jones 1986). The structure of these anomalies is dictated by the direction of the vertical wind
shear vector, with negative PV anomalies resulting to the left of the deep-layer vertical wind
shear vector and positive PV anomalies resulting to the right of the deep-layer vertical wind
shear vector (Oertel et al. 2020). Given a primarily westerly background vertical wind shear
vector in the midlatitudes, convection inside of a PRE equatorward of the midlatitude waveguide
between the jet and a recurving TC would produce convective-scale strongly negative PV
poleward of the convective cell, against the waveguide (see Fig. 1 of Oertel et al. 2020).

While the PV anomalies produced by a single thunderstorm are small in scale and
individually insignificant on the synoptic scales, a collection of organized thunderstorms may
cause a meaningful impact to the large-scale flow by opposing the background horizontal flow
and generating a distinct negative anomaly in wind speed (Oertel and Schemm 2022). However,
whether these impacts are meaningful on the meso- to sub-synoptic scales has yet to be
determined. Energy in large-scale turbulence is generally thought to cascade into progressively
smaller eddies, eventually reaching the Kolmogorov scale where viscosity dominates, and

turbulent kinetic energy is dissipated into heat (Pope 2000). In some cases, however, an inverse
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energy cascade (Kraichnan 1967) may transfer energy from smaller to larger scales (Eyink
2005ab; Chen et al. 2006; Xiao et al. 2009). In this context, small-scale features add energy to
the large-scale flow, which has been hypothesized to be supported by a ‘thinning’ of small-scale
vorticity anomalies by the large-scale flow; however, the physical mechanism by which this
inverse cascade is accomplished is an ongoing discussion.

This study tests the hypothesis that deep, moist convection associated with a PRE
modified the synoptic-scale midlatitude waveguide in a recent TC-midlatitude waveguide
interaction by way of the production of convective-scale intensely negative PV against the
waveguide by deep, moist convection A convection-allowing simulation of the PRE in advance
of North Atlantic TC Irma (2017)’s interaction with the midlatitude waveguide is performed to

test this hypothesis.

2.2 Methods

2.2.1 Case Overview

The PRE associated with North Atlantic TC Irma in September 2017 (Fig. 2.1), which
caused approximately $50 billion in damage in Florida (NHC 2018), is selected for study. TC
Irma’s interaction with an upstream midlatitude trough following the PRE amplified the initial
downstream anticyclone, which in turn influenced the track and intensity of the downstream TC
Jose (Prince and Evans 2020).

At 1200 UTC 10 September 2017, TC Irma is located in the Florida Straits (Fig. 2.1,
denoted by 1) downstream of a midlatitude trough over the southeastern United States (Fig. 2.1).
A PRE is located along the southeast United States coastline, poleward of TC Irma and eastward
of the midlatitude trough (Fig. 2.1; denoted by P). Upper-tropospheric outflow associated with

the PRE and TC Irma’s outer rainbands is impinging upon the upstream trough’s eastern flank,
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as characterized by upper-tropospheric negative PV advection by the irrotational wind (Fig. 2.1),
which subsequently strengthens the upper-tropospheric PV gradient on the trough’s eastern
flank. Following this time, TC Irma favorably interacts with the upstream trough, amplifying the
downstream flow, trapping TC Jose equatorward of the downstream upper-tropospheric

anticyclone within a high-shear environment (Prince and Evans 2020).
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Figure 2.1. 250-150 hPa layer-mean PV (blue contours at 2, 3, 4, 7, and 9 PVU, where 1 PVU =
1x10°m? st K kg?), 250-150 hPa layer-mean horizontal wind speed (grey shading in m s per
the color bar at right), 250-150 hPa layer-mean irrotational wind (vectors; m s*; reference vector
at lower right), horizontal advection of the 250-150 hPa layer-mean potential vorticity by the
250-150 hPa layer-mean irrotational wind (red-dashed contours at -8 and -3 PVVU day?), and 24-
h (0000 — 2359 UTC) accumulated precipitation (color shading in mm per the color bar at right)
at 1200 UTC 10 September 2017. (a) from the ERAS reanalysis (Hersbach et al. 2020) except for
24-h accumulated precipitation, which is obtained from the 0.1° X 0.1° NASA Integrated Multi-
Satellite Retrievals for GPM (IMERG; Huffman et al. 2019) version 06 dataset, and (b) from the
numerical simulation performed in this study (described below). TC Irma, TC Jose, and the PRE
are indicated by the bold I, J, and P, respectively. The black box in subplot b denotes the region
over which all area-averages are performed in this study.
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2.2.2 Simulation Configuration

A single numerical simulation is performed using the Advanced Research version of the
Weather Research and Forecast (WRF-ARW) mesoscale model version 4.0 (Skamarock et al.
2019). The WRF-ARW is a fully compressible, nonhydrostatic numerical model. A doubly
nested domain is utilized, with the outer domain containing 1000 X 1250 horizontal grid points
at a grid spacing of 9 km and the inner domain containing 1753 X 2002 horizontal grid points at
a grid spacing of 3 km (Fig. 2.2). Both domains contain 50 terrain-following (o) vertical levels,
including seven vertical levels near the tropopause (0.15 < o < 0.25). The simulation extends
180 h from 0000 UTC 9 September 2017 to 1200 UTC 16 September 2017. The initialization
time ensures appropriate spin-up time of circulations which the initial conditions are unable to
represent before the initiation of the PRE (~1200 UTC 9 Sep 2017). The simulation’s long
duration allows for verification of the downstream midlatitude evolution following the PRE (and,
subsequently, TC Irma) with the upstream trough. Initial and lateral boundary conditions for the
model are provided by 6-hourly 0.25° National Centers for Environmental Prediction (NCEP)
Global Forecast System (GFS; NCEP 2015). Physical parameterizations are selected following
previous TC modeling studies using the WRF-ARW model (e.g., Torn and Davis 2012; Rios-

Berrios et al. 2015). A full list of model configuration parameters is given in Table 2.1.
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Model Parameter

Selected Configuration

Model Version

Domains

Duration

Horizontal Grid Spacing

Initial and Boundary Conditions

Deep Cumulus Parameterization

Microphysical Parameterization

Boundary-Layer Parameterization

Surface-Layer Parameterization

Land Surface Parameterization

Longwave Radiation Parameterization

Shortwave Radiation Parameterization

WRF-ARW v4.0 (Skamarock et al. 2019)

Domain 1 (outer), 1000 X 1250 X 50
levels
Domain 2 (inner), 1753 X 2002 X 50
levels

180 h, 0000 UTC 09 September to 1200 UTC
16 September 2017

9 km (Domain 1), 3 km (Domain 2)

6-hourly 0.25° GFS operational analyses

Domain 1: New Tiedtke parameterization
(Zhang and Wang 2017)
Domain 2: No parameterization

WREF Single-moment 6-class parameterization
(Hong and Lim 2006)

YSU (Hong et al. 2006)

Revised MMD5 parameterization (Jimenez et al.
2012)

Unified Noah Land Surface Model (Tewari et
al. 2004)

RRTM parameterization (Mlawer et al. 1997)

Dudhia parameterization (Dudhia 1989)

Table 2.1. Model configuration. Unless specified, all parameters apply to both the outer and

inner simulation domains.
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2.2.3 PV Tendency Equation in Isentropic Coordinates

The three-dimensional PV tendency equation on an isentropic surface, including
nonhydrostatic effects but excluding friction, non-microphysical diabatic processes, and
contributions from the planetary boundary layer parameterization (due to the scale of these
processes being several orders of magnitude smaller than the microphysical tendency), is an
expanded form of (2.2) comprised of adiabatic advective and diabatic nonconservative
tendencies:

apPv —~ 96m 1 - ]

where ¥ = (u, v, 0) represents the three-dimensional wind, V = (0y, 0y, dg) represents the three-
dimensional gradient operator on an isentropic surface, k = (0,0,1) represents the unit vector
perpendicular to an isentropic surface, émp represents the microphysical diabatic heating
(H_DIABATIC in the WRF-ARW model), and f represents the planetary vorticity. In (2.3), the
first right- side term represents the conservative (adiabatic) three-dimensional advection of PV,
the second right-side term represents the nonconservative diabatically driven vertical
redistribution of isentropic potential vorticity, and the third right-side term represents the
nonconservative diabatically driven horizontal redistribution of potential vorticity. (2.3) is
evaluated using model outputs at three-minute intervals to capture the short-lived nature of the
convective elements in the simulation, with partial derivatives approximated utilizing a forward
finite difference for time and a fourth-order—accurate centered finite difference for space. A
derivation of (2.3) can be found in Appendix B.

2.2.4 Local Energy Flux and the Inverse Energy Cascade

To diagnose the potential impacts of convective-scale processes on the larger-scale flow,

the local energy flux, which can be contextualized as the deformation work performed on small-
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scale turbulent stress by large-scale strains (Eyink 2006ab; Chen et al. 2006; Xiao et al. 2009), is
calculated. The local energy flux is negative when large-scale strains thin smaller-scale turbulent
stresses, describing the situation where the larger-scale flow extracts kinetic energy from the
turbulent anomalies.
To compute the local energy flux, the filtering approach demonstrated in Meneveau and

Katz (2000) is first used to define a “large-scale” (u,), where u = (u, v). In this approach, a
“large-scale” velocity field at length scale # is introduced using a low-pass filter,

U, = [dr G,(r) u(x+r) (2.4)
where,

Go(r) = 56C) (2.5)

and G,(r) can be any Gaussian function with unit integral (sum equal to one). Following Xiao et

al. (2008), G(r) is defined as,

G(r) = \/%exp (—61?%) (2.6)

where G,(r) represents a Gaussian convolution filter in physical space. An example of applying
(2.6) to the two-dimensional horizontal wind on the 335-K isentropic surface is given in Fig.
2.3ab. A Gaussian convolution is selected over other potential convolution filters (such as
spectral and box filters) because it is quasi-local in both physical and spectral space (Xiao et al.
2009), which allows the interpretation of the spatial properties at a particular length scale (£) of
the field being filtered. Note that the large-scale u, defined above is not identical to a Reynolds-

averaged quantity, such that the average of perturbations is not equal to zero (u_;, # 0).
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bar at right) at 0900 UTC 10 September 2017 (a) before and (b) after filtering applied by a (c)
Gaussian filter with a length scale ¢ of 60 km (width of twenty grid points in the simulation

domain, as shown by the x-axis).
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The local energy flux across a particular length scale ¢ is defined as:
M(x, t) = =Sp(x,t) - 7, (2.7)

where S, is the large scale-strain tensor, given by:

Se = S 1(Vay) + (V)" (2.8)
and t, is the small-scale stress tensor, given by:

T = (uw), — U,y (2.9)
The local energy flux (2.7) can alternatively be viewed as a deformation work (Eyink 2006ab;
Xiao et al. 2009) done on small-scale turbulent stresses (z,) by the large-scale strain field (S,).
As a reminder, negative deformation work represents the large-scale strain extracting energy
from small-scale turbulent stresses, characterizing an inverse cascade of energy from small to
large scales, whereas positive deformation work represents the large-scale strain transferring
energy to small-scale turbulent stresses. A full derivation of (2.7) from the filtered two-
dimensional Navier-Stokes equations can be found in Xiao et al. (2009).

Although the local energy flux (2.7) can illustrate the direction of energy transfer in
physical space, it is also necessary to evaluate the physical processes that contribute to energy
changes in spectral space. The spectral kinetic energy budget first introduced by Peng et al.
(2014a) and applied in Menchaca and Durran (2019) is used to do so. First, the horizontal Kinetic

energy budget can be defined as:
2 KE, =T(k) + B(k) + V(k) + D(k) (2.10)
where the subscript of h denotes horizontal, and k denotes the one-dimensional wavenumber.

From right to left, the forcing terms of (2.10) represent the nonlinear advective transfer of energy

between wavenumbers (T), the conversion of available potential energy to horizontal kinetic
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energy (associated with buoyancy, B), the divergence of the vertical kinetic energy flux (V), and
dissipation (D). All terms are defined following Menchaca and Durran (2019).

The nonlinear advective transfer term T is given by:
— 1 1 1
T(k) = —p {[u u-Vu+ Eu(V . u)]k - E(azu, wu), + E(u, Wazu)k} + C.C. (2.11)

where p is density, u = (u, v), and c.c. denotes the complex conjugate of the bracketed term.
Terms of the form (a, b),, can be written as @*(k) - b(k), where a hat denotes the forward
Fourier transform and an asterisk denotes the complex conjugate (Peng et al. 2014a; Menchaca
and Durran 2019). The overbar on density in (2.11) and subsequent equations denotes the
average over the analysis domain.

The buoyancy forcing term B is given by:

B(k) = c,pf(w,d,m"), + c.c. (2.12)

where c,, is the specific heat at constant pressure, 6 is the potential temperature, w is the vertical
velocity, and 7’ is the perturbation Exner pressure.

The divergence of the vertical kinetic energy flux V is given by:
V(k) = —=0,[p(u,wu)i] — ¢,0,[0(w,7"),] + c.c. (2.13)

Finally, the dissipation term D is calculated as a residual from (2.10). The full derivation
of the terms on the right-hand side of (2.10) from the horizontal kinetic energy and the horizontal
momentum equations can be found in Appendix C.

All terms are interpolated to height surfaces every 500 m between 5.5 km and 17 km
above ground level. Horizontal derivatives are calculated on constant height surfaces and all
partial derivatives are approximated utilizing a second-order—accurate centered finite difference.
Fourier transforms are performed on one-dimensional zonal splices of data using the fast Fourier

transform available in Python’s SciPy package (Virtanen et al. 2020), then averaged meridionally
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over the analysis domain. Given that the simulation (Fig. 2.2) and analysis (defined in section
2.5) domains are limited in area, a Tukey window is applied to the one-dimensional splices of
data prior to performing the fast Fourier transform (Bloomfield 2000). This window tapered the
data to zero on both ends, which will not remove all artificial noise produced by the
decomposition, yet the tapering was selected to be gradual enough to minimize artificial noise
produced by drastic gradients in the FFT operation.

To examine energy transfer across wavenumbers, each forcing term in (2.10) can be
expressed in terms of its cumulative sum (IT) over all wavenumbers k (Menchaca and Durran
2019). For any variable X (k),

My (k) = Xk<ien X (D) (2.14)
where N is the maximum one-dimensional wavenumber. In this framework, wavenumbers at
which ITy has a negative slope (e.g., higher values at smaller wavenumbers) represent
wavenumbers at which X (k) increases kinetic energy. Conversely, wavenumbers at which Iy
has a positive slope (e.g., higher values at larger wavenumbers) represent wavenumbers at which
X (k) decreases kinetic energy. Since T (k) describes conservative energy transfers between
wavenumbers, the sign of Il indicates whether there is an upscale or downscale cascade of
energy. Consequently, positive values of I1; (k) indicate downscale energy transfer to larger
wavenumbers whereas negative values of I1; (k) indicate upscale energy transfer to smaller

wavenumbers.

2.3 Model Verification

Given this study’s emphasis on diagnosing the influence of convective-scale diabatically
generated PV anomalies on the midlatitude waveguide, the verification presented herein focuses

on diagnosing the extent to which the model simulation accurately predicted rainfall within the
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PRE and, subsequently, the tracks and intensities of TCs Irma and Jose. TC tracks are primarily
dictated by tropospheric-deep mean flow (Velden and Leslie 1991), therefore accurate track (and
subsequent intensity) forecasts for the two TCs are indicative of the simulation accurately
capturing the large-scale flow pattern in the vicinity of the TCs.

The interaction between the upstream trough, Irma, and the PRE, appears to be well
captured in the simulation, with the placement and strength of the midlatitude jet being well
captured 36-h into the simulation (Fig. 2.1). Positioning of the precipitation inside of the PRE
was also well captured by the simulation, with a distinct maximum of precipitation oriented from
east to west along the 31% parallel (Fig. 2.4). While precipitation totals were generally well
represented in the simulation, the heavier precipitation covered a smaller spatial area than
observed (Fig. 2.4), although this may be at least be partially due to resolution differences
between the two datasets. Given that our study is interested in the amount of diabatic heating
occurring in the PRE, the amount of precipitation which fell (vs. positioning the precipitation) is
of primary concern, which appears to have been well captured by the simulation (Fig. 2.4).

The simulation accurately predicts TC Irma’s track and intensity (Fig. 2.5ab). The TC
Irma lifetime average track error is 92 km (compared to the climatological 72-h track forecast
error of 191 km; Cangialosi 2018), with a slight east bias following landfall (Fig. 2.5a), and the
TC Irma lifetime average intensity error is 6 kt (3.1 ms™%; compared to the climatological 72-h
intensity forecast error of 12.6 kt [6.5 ms™]; Cangialosi 2018), with the simulated minimum sea-
level pressure and 10-m wind speeds closely resembling their National Hurricane Center best-
track values (Fig. 2.5b). Simulated track and intensity errors for TC Jose are slightly larger (Fig.
2.5cd). Both the simulated and observed TCs complete an anticyclonic loop; however, the

simulated TCs loop is somewhat more circular and extends further to the west (Fig. 2.5c).
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Despite these differences, however, the TC Jose lifetime average track error is only 83 km
(compared to the climatological 120-h track forecast error of 364 km; Cangialosi 2018), with a
lifetime-maximum error of 168 km at 0600 UTC 16 September 2017. Jose’s intensity forecast
errors were occasionally quite large, with a peak intensity error of nearly 60 kt (31 ms:;
compared to the climatological 120-h intensity forecast error of 14.3 kt [7.4 ms™!]; Cangialosi
2018) near the end of the simulation (Fig. 2.5d). These large errors are potentially driven by the
small size of Jose, with the simulation being unable to depict the sharp horizontal gradients of
pressure and wind near the TCs center. The simulated intensity traces still approximately follow

the same trends as what was observed until the last 36 h of the simulation.
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Figure 2.4. 24-h accumulated precipitation (shaded in mm per the color bar at right) between
0000-2359 UTC 10 September 2017 from the (a) WRF-ARW simulation coarsened to 0.1° X
0.1° horizontal grid spacing and (b) 0.1° X 0.1° NASA IMERG version 06 dataset.
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which time TC Irma was declared post-tropical) and (c) TC Jose (over the simulation’s entirety).
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time TC Irma was declared post-tropical) and (d) TC Jose (over the simulation’s entirety).
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2.4 Convective-Scale PV Anomalies Production and Maintenance
The PRE poleward of TC Irma is associated with two major convective bursts, one
between 1300 UTC 9 September and 0000 UTC 10 September 2017 (Fig. 2.6) and another
between 0400-1300 UTC 10 September 2017 (not shown), within a broader region of
predominantly stratiform precipitation. These convective bursts are associated with widespread
intense PV dipoles along a baroclinic zone (as inferred from the large vertical wind shear; Fig.
2.6a) extending from southwest to northeast along the southeastern United States coastline.
Negative PV anomalies are located poleward of the corresponding positive anomalies, which is
consistent with the deep-layer vertical wind shear’s direction (Fig. 2.6). Near initiation, while the
positive and negative anomalies remain together, the net circulation across the two is roughly
equal to zero (not shown), indicating a minimal impact to the surrounding flow. Several hours
later, the positive anomalies have largely weakened and/or remained near their initiation
locations (Fig. 2.6b), whereas the negative PV anomalies become elongated and begin to merge
into a narrow but long filament (Fig. 2.6b). By 6 h after initiation (Fig. 2.6c), the negative PV
anomalies continue to persist and have propagated north of their original location immediately
offshore from the southeastern United States coastline. Altogether, the inertially unstable
negative PV anomalies persist for multiple hours after their initiation. After the negative
anomalies separate from their positive counterparts, the net circulation over the remaining

negative anomaly is nonzero, thus its impact to the surrounding flow would also be nonzero.
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per the color bar at the right), and 350-to-320—K vertical wind shear (vectors; kt; reference vector
at lower right) at (a) 1600 UTC, (b) 1900 UTC, and (c) 2200 UTC 9 September 2017.
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The isentropic PV tendency equation (2.3) is used to diagnose the physical processes by
which the PV anomalies initiate, doing so in the context of a representative isolated thunderstorm
embedded within the PRE (Fig. 2.7). Near initiation, horizonal gradients of microphysical
heating dominate the right-hand side of (2.3), generating a PV dipole on the order of +10 PVU
in a matter of minutes (Fig. 2.7b). As this dipole initiates, the background wind field advects the
newly generated anomalies, contributing to a non-zero advective tendency (Fig. 2.7a). These
structures extend across an isentropic depth of nearly 30 K (Fig. 2.8ab), corresponding to a layer
depth of approximately 5000 m (from approximately 5000-10000 m; not shown). The isolated
updraft quickly weakens and tilts downshear, although the PV dipoles persist (Figs. 2.7cd,
2.8cd). Since microphysical heating is directly tied to ascent, the contributions from the
nonconservative tendencies quickly dissipate, leaving the advective tendency as the sole non-
negligible contributor to the total PV tendency (Figs. 2.7cd, 2.8cd). This process continues
forward in time (Figs. 2.7ef, 2.8ef), with near-zero nonconservative tendencies and non-zero
advective tendencies persisting in time. Since the nonconservative tendencies are approximately
zero shortly after the PV dipoles’ initiation, it is not surprising that the PV anomalies persist for
multiple hours (Fig. 2.6). Over time, the intense localized negative and positive PV anomalies
slowly weaken due to implicit numerical dampening associated with the WRF-ARW model’s
fifth-order—accurate horizontal and third-order—accurate vertical advection parameterizations

(Skamarock et al. 2019; not shown).
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Figure 2.7. (a, c, e) Three-dimensional advective PV tendency (term 1 on the right side of (2.3),
shaded in PVU min™! per the color bar at right) and PV (black contours at -20, -15, -10, -5, -2, 2,
5, 10, 15, and 20 PVU) on the 335-K isentropic surface at (a) 1433 UTC, (c) 1457 UTC, and (e)
1521 UTC 9 September 2017. (b, d, f) Asin (a, c, €), except for the total nonconservative
tendency (terms 2 and 3 on the right side of (2.3)).
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between 31-31.5°N) of the three-dimensional advective PV tendency (term 1 on the right side of
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2.5 Local Energy Flux and the Inverse Energy Cascade

The local energy flux and spectral kinetic energy budget diagnostics introduced in
sections 2.2.4 are each functions of the kinematic field, whereas the PV anomalies detailed in
section 2.4 include both thermodynamic and kinematic structures. As might be expected,
however, there is a strong correspondence between PV and kinetic energy anomalies (Fig. 2.9).
PV anomalies directly correspond to absolute-vorticity anomalies (contours in Fig. 2.9), with a
substantial reduction in kinetic energy between the PV/absolute vorticity anomalies (shading in
Fig. 2.9). Between the PV anomalies, the PV anomalies’ induced circulations act against the
southwesterly background flow, weakening the horizontal wind and thus kinetic energy between
them (Fig. 2.9; Oertel and Schemm 2021). Conversely, poleward of the negative PV anomaly
and equatorward of the positive PV anomaly, the horizontal wind and kinetic energy are
strengthened by enhancement of the background flow by the circulations’ induced flows (Fig.
2.9¢).

Before the convective cells initiate in the PRE and produce regions of convective scale
PV/absolute vorticity, nearly all (~90-95%) of the spectral power of the absolute vorticity in the
vicinity of the PRE is concentrated at the two largest wavelengths (1200 km and 600 km; Fig.
2.10). By 0900 UTC 9 September 2017 (9 hours into the simulation), the model has sufficiently
spun-up, which is highlighted by stable behavior from the 90" percentile line (Fig. 2.10). The
percentage of spectral power concentrated at longer wavelengths decreases during the PRE’s two
convective bursts (from approximately 1300 UTC 9 September to 0000 UTC 10 September 2017
and 0400 UTC to 1300 UTC 10 Sep 2017; Fig. 2.10). The primary increase in power for both
convective bursts occur in the range of wavelengths from 300 km to 60 km, which is larger than

a single convective cell, yet match the approximate size of the clusters of convection identified
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earlier (Figs. 2.6 and 2.10). A reduction of nearly 25% in the total spectral power contribution at
the lowest wavenumbers suggests a significant amount of energy which is supplied to mesoscale
wavelengths before being transferred upscale and going on to have a non-zero impact to the
large-scale flow (Fig. 2.10).

While the spectral power suggests an increase in energy at meso-a to subsynoptic scales,
it cannot demonstrate whether that energy is being transferred to the large scales, or not. To
address this, the local energy flux is calculated in the vicinity of the PRE (Fig. 2.11). In the sense
of the local energy flux, the localized PV, absolute-vorticity, and kinetic-energy anomalies
contribute to the u; upon which the large-scale strain #, would act. Model-resolved
thunderstorms are associated with positive and negative local energy fluxes (suggestive of
forward and inverse energy cascades, respectively) on the meso-gamma-scale (Fig. 2.11a). At
convective-scale wavelengths, the small-scale positive and negative regions of the local energy
flux largely cancel, causing the mean local energy flux to be closer to zero, albeit with a large
amount of temporal variability (Fig. 2.11e). The local energy flux becomes increasingly negative
at larger length scales, suggestive of a broad region of energy cascading from smaller to larger
scales (Fig. 2.11b-d). Area averaging of the local energy flux reveals that at larger wavelengths
the temporally and area averaged local energy flux is increasingly negative, demonstrating an
inverse cascade of energy up to 1500 km in the vicinity of the PRE (Fig. 2.11e).

To test the existence of the ‘thinning’ mechanism mentioned earlier, the temporally
averaged large-scale strain field in the vicinity of the PRE is calculated (Fig. 2.12). The
environment between TC Irma and the upstream midlatitude trough is characterized by synoptic-
scale deformation, with the axis of dilatation (red line in Fig. 2.12) extending from the

southeastern Gulf of Mexico northeastward across Florida and along the Gulf Stream offshore of
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the southeast United States coastline. Thunderstorms embedded within the PRE roughly align
with this axis of dilatation, the flow associated with which performs negative work on the

turbulent anomalies as it filaments them along the deformation flow (Fig. 2.12).
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Figure 2.9. Horizontal kinetic energy (shaded in 10 x 108 J per the color bar at right), absolute
vorticity (black contours at -10, -5, 5, and 10 x 10 s), and PV (red contours at -10, -5, 5, and
10 PVU) on the 335 K isentropic surface at (a) 1433 UTC, (c) 1457 UTC, and (e) 1521 UTC 9
September 2017.
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Figure 2.10. Cumulative normalized spectral power of area-averaged (between 28°-37°N, 89°-
75°W matching the box in figure 2.1b) absolute vorticity on the 335-K isentropic surface
(unitless; shaded per color bar at right). The bold black line denotes the 0.9 (90%) cumulative
normalized spectral power contour; i.e., the wavelength above which 90% of the cumulative
normalized spectral power is contained.
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Figure 2.11. (a-d) Temporally averaged (between 1800 UTC 9 September and 1200 UTC 10
September 2017) local energy flux (10~ Watts m-2; shaded per the color bar at right) on the 335
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2017) averaged local energy flux as a function of length scales between 30-1500 km. Error bars
in (e) represent the 95™ percentile spread of the area-averaged local energy flux over time.
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in previous and subsequent analyses are performed which matches the box in figure 2.1b.
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The above analyses demonstrate the impacts convective cells have on the local PV and
kinetic energy fields and suggest the existence of an inverse cascade of energy in the vicinity of
the PRE. However, they cannot quantify the magnitude of the energy being transferred to large
scales or explain the physical processes which transfer this kinetic energy to the upper
troposphere. To address these limitations, the kinetic energy framework adopted in Menchaca
and Durran (2019) is employed. It is found that thunderstorm updrafts inside of the PRE
transport (by way of the vertical advective flux) kinetic energy from the lower to the upper
troposphere (Fig. 2.13ab), whereupon the Kinetic energy is transferred upscale by way of an
inverse energy cascade (Fig. 2.13b). This result is insensitive to the precise bounds of the PRE
region depicted in Fig. 2.1b (not shown).

The midtropospheric (5.5-9 km AGL; encompassing the lower portion of the PV
anomalies induced by convection [Fig. 2.8]) kinetic energy budget in the vicinity of the PRE
(black box in Fig. 2.1b) is characterized by spectral transports and buoyancy forcing that increase
kinetic energy and by vertical fluxes and dissipation that decrease kinetic energy (Fig. 2.13a).
Specifically, there is a cascade of energy from large to small scales over all wavelengths (IT, >

0; Fig. 2.13a). The buoyancy force also acts to increase KE from 5.5 km-9 km over all

wavelengths (aHB/ak < 0), which is likely driven by energy supplied by convective updrafts

(Fig. 2.13a). The vertical advective flux, however, extracts energy away from the 5.5 km-9 km

layer at wavelengths of approximately 75 km and larger (aHV/ak > 0; Fig. 2.13a), possibly as

convective updrafts extract energy from lower levels. Additionally, the dissipative term acts to
decrease KE at nearly all wavelengths and all vertical layers (Fig. 2.13a-c).

In the mid- to upper troposphere (9.5-13 km), both the vertical advective and buoyancy

fluxes are acting to add KE at nearly all wavelengths (aHV/ak < 0 and aHB/ak <0),
suggesting a depositing of energy by convective updrafts at higher levels (Fig. 2.13b). After

being injected into the upper troposphere by convective updraft, the energy concentrated at
wavelengths of less than approximately 200 km is cascaded from large to small scales (I1; > 0),
but for energy at wavelengths greater than or equal to 200 km, there is an inverse cascade to
larger wavelengths (I < 0; Fig. 2.13b). In the lower stratosphere (13.5-17 km), the vertical
advective flux increases KE at all wavelengths (Fig. 2.13c). Additionally, the buoyancy term has

weakened significantly at mesoscale wavelengths, likely due to the rarity of convective updrafts
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travelling to heights of > 15 km (Fig. 2.13c). The inverse cascade of energy is no longer present
and has reversed back to a cascade of energy from large to small scales over all wavelengths
(Fig. 2.13c).
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Figure 2.13. (a-c) Cumulative transport (orange line), buoyancy (yellow line), divergence of the
vertical kinetic energy flux (purple line), and dissipation (green line) forcing terms in the spectral
kinetic energy budget, as calculated over the black box depicted in Figure 2.1b and averaged
between (a) 5.5-9 km, (b) 9.5-13 km, and (c) 13.5-17 km above ground level temporally
averaged from 1800 UTC 9 Sep to 1200 UTC 10 Sep 2017.
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2.6 Conclusions

Interactions between TCs- and midlatitude troughs are typically conceptualized as being
driven by the large-scale, diabatically driven vertical redistribution of PV, with the smaller-scale,
diabatically driven horizontal redistribution of PV typically neglected. However, a separate vein
of research has demonstrated the existence of intense convective-scale PV dipoles generated by
strong latent heating in deep moist convection. Given that diabatic processes are a potential
source of forecast error in TC-trough interactions (Anwender et al. 2008), this study tests the
hypothesis that deep, moist convection associated with a PRE modified the synoptic-scale
midlatitude waveguide in a recent TC-midlatitude waveguide interaction by way of the
production of convective-scale intensely negative PV against the waveguide by deep, moist
convection. A convection-allowing simulation of the PRE in advance of North Atlantic TC Irma
(2017)’s interaction with the midlatitude waveguide is performed to test this hypothesis.

The physical processes that allow for thunderstorm-scale PV anomalies to modify the
synoptic-scale flow can be conceptualized as follows (Fig. 2.14). When a thunderstorm initiates
within a vertically sheared flow, its associated horizontal gradients of diabatic heating generate
PV anomalies aligned perpendicular to the background vertical wind shear vector, with negative
PV anomalies to the left of the shear vector and positive PV anomalies to the right of the shear
vector (Figs. 2.6 and 2.7ab). On the eastern flank of the upstream trough and to the north of Irma,
the large-scale strain field can be approximated as having an axis of dilatation oriented from
southwest to northeast (Fig. 2.12). This large-scale strain deforms the convectively generated PV
anomalies, stretching them along the axis of dilatation (Figs. 2.6ac). The newly deformed PV
anomaly covers a larger area than it did before, such that from the circulation theorem its rotation

rate must decrease. Due to the alignment of the deformed anomaly with the large-scale strain
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field, a tensile stress is applied to the large-scale strain, thus reinforcing the large-scale strain,
and adding energy to the large-scale flow (Fig. 2.14). The inverse energy cascade is

accomplished by the filamentation of the negative PV anomalies (Fig. 2.14).
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-Large-scale strain field between the PRE and  -Anticyclonic turbulent eddy
upstream trough overlaid with an anticyclonic  after being deformed by large-
turbulent eddy induced by a convective cell. scale strain.

Figure 2.14. Conceptual model demonstrating the impact of large-scale strain (black) on small-
scale anticyclonically rotating turbulent eddies (red) such as those convectively generated within
a PRE. The cyclonic eddy was neglected as only the anticyclonic eddies propagate northward
against the waveguide in our simulation.
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This study’s results largely support Oertel et al. (2020, 2021) and Oertel and Schemm
(2021), each of which demonstrate that convectively generated PV anomalies align perpendicular
to the background vertical wind shear vector, the negative PV anomalies separate from their
positive PV anomaly counterparts, and the negative PV anomalies subsequently modify the
surrounding flow. The present study builds on these results by identifying an inverse energy
cascade in the PRE’s vicinity and outlines a physical mechanism by which this cascade is
accomplished following methodology presented in Menchaca and Durran (2019).

While this study identifies a pathway by which convective-scale processes inside of a
PRE may modify the large-scale midlatitude pattern, the extent to which the results are
generalizable is unclear. This study considers a single numerical simulation of a single case at a
single initialization time, and further investigation over a larger sample of cases is warranted to
assess the extent to which these findings are representative of all PREs and not just the PRE
studied herein. Furthermore, our simulation does not inhibit larger-scale processes from
occurring such that it cannot conclusively be said that the PRE’s modification of the waveguide
is entirely driven by smaller-scale processes and an upscale energy cascade. Therefore, it cannot
yet be said how much of the waveguide modification is driven by smaller scales vs. how much is
driven by larger scales. This study can only demonstrate that the smaller scales can have a larger-
scale impacts in this study.

Future studies will test this sensitivity by performing sensitivity analyses in which
impacts from convection will be limited/removed by way of piecewise PV inversion (e.g., Grams
et al. 2013ab), or by modifying the diabatic warming in the PRE’s vicinity (e.g., turning off
diabatic warming in a local area, removing large- and/or small-scale contributions to the diabatic

warming, etc.). While this study was only applied to a PRE well to the north of Irma, it could be
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argued that clusters of embedded convection in the outer rainbands of a TC could be viewed in
the same fashion. Due to the nature of a TCs rotational wind field, the vertical wind shear vector
around the TC would be oriented such that negative PV would always be on the outer radius.
One could then view the TC as a feature which “radiates” negative PV anomalies, driven by the

TCs secondary circulation.
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Chapter 3
Relative Contributions of Microphysical Heating Within a

Predecessor Rain Event and Tropical Cyclone in a Tropical

Cyclone-Midlatitude Waveguide Interaction

3.1 Introduction

Section 2 identifies a physical pathway by which convective-scale processes may have an
influence on the large-scale flow. These impacts are manifest by the filamentation of intense PV
dipoles produced by horizontal gradients of diabatic warming in deep, moist convection. In
section 2, the filamentation mechanism supporting the inverse cascade of energy from the small
to the large-scales was identified through an examination of North Atlantic TC Irma (2017)
wherein deep, moist convection inside of a PRE to the north of North Atlantic TC Irma in
September 2017 influenced the behavior of an upstream midlatitude trough by the generation of
intensely negative PV against the eastern flank of the trough, promoting an optimal interaction
between Irma and the midlatitude waveguide. In this final part of the study, we attempt to
quantify the impacts of microphysical heating inside of the PRE and Irma on the evolution of the
indirect interaction between North Atlantic TCs Irma and Jose (2017) discussed in sections 1 and
2.

The purpose of the third part of this study is to test the hypothesis that deep moist
convection inside of a PRE in a TC-midlatitude waveguide interaction impacts the evolution and
predictability of the strength of the interaction and subsequent downstream evolution by way of

the production of negative PV against the equatorward flank of the midlatitude waveguide. This
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hypothesis is tested by performing a series of sensitivity simulations in which microphysical
heating is systematically turned off in the vicinity of the PRE, Irma, or both, and over varying

times.

3.2 Methods

3.2.1 Model Setup

The case of interest in this study is the indirect interaction between North Atlantic TCs
Irma and Jose in September of 2017. A description of the synoptic setup of this case be found in
section 2.2.1. Additionally, the Control simulation here is the simulation explored in section 2, of
which the model setup description can be found in section 2.2.2, with the model parameters
described in Table (2.1) and the simulation domain shown in Figure (2.2). The modifications
which were done to the WRF code to systematically turn off diabatic warming in the simulation
are outlined in Appendix D.
3.2.2 Sensitivity Simulations

Five sensitivity simulations are performed (Table 3.1) in which diabatic heating is turned
off over a portion of the simulation domain to exclude any contributions by the microphysical
parameterization. The first region is labelled as “PRE” and attempts to turn off microphysical
heating for convection in the PRE, while largely leaving the core and outer rainbands of TC Irma
unaffected (Fig. 2.6). The second domain is labelled as “Irma” and aims to primarily turn off
microphysical heating in TC Irma’s core, while also attempting to turn off microphysical heating
in Irma’s rainbands without impacting convection in the PRE (Fig. 2.6). Finally, the
“PRE&Irma” domain covers an expansive region, which aims to turn off microphysical heating
in both TC Irma and the PRE (Fig. 2.6). The PRE domain needed to cover an extensive enough

area to ensure as much convective activity along the baroclinic zone was suppressed (Fig. 2.6)
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while leaving the core of Irma unaffected. This led to a southern boundary of approximately
26°N for the PRE domain (Fig. 3.1), with a minimum distance between Irma’s core and the
boundary of approximately 175 km at 1200 UTC 10 September (not shown). The Irma domain
was originally tested with western and eastern extents of 86°W and 77°W, respectively, however,
due to Irma’s circulation being so expansive, radial convective bands were still initiated outside
of the region’s extent. This led to an expansion of the boundaries to 90.5°W and 74.3°W (Fig.
3.1). Utilizing the western and northern boundaries from the Irma and PRE domains respectively,
and the southern and eastern extent of the Irma domain, the PRE&Irma domain covers an
expansive region with the goal of limiting all impacts from both features (Fig. 3.1). The
PRE&Irma domain also encompasses a region that neither the PRE nor the Irma domains cover,
yet this is not believed to be an issue, as intense convective-scale processes are not present in this
additional region (not shown).

There are two potential shortcomings of the domains selected worth noting. The first
being the cutoff between the Irma and PRE domains of 26°N. While the PRE and Irma start as
distinct features, Irma’s outer rainbands start to become indistinguishable from the PRE near
1200 UTC 10 September 2017 (Fig. 3.2). Given this, the selection of a different parallel may be
equally as reasonable as 26°N, which may lead to different solutions. The second is that the
PRE&Irma domain encompasses at least part of the upstream trough (Figs. 2.1 and 3.1). While
limiting diabatic heating in the vicinity of the upstream trough is bound to lead to some
differences, in all but one simulation (PRE&IrmaWs), the time over which diabatic heating is
turned off in the vicinity of the trough (< 36 h), is likely much shorter than the time it would take

for the troughs circulation to spin down significantly.
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Around 1200 UTC 10 September 2017, as Irma’s outer rainbands start to become
indistinguishable from convection in the PRE (Fig. 3.2), diabatic heating is turned back on from
this time onward to prevent any unintended impacts to Irma’s core circulation (Table 3.1). For
consistency, this time is also utilized for the PRE&Irma and Irma simulations as well (Table 3.1).
This leaves two simulations, the first of which is the PRE18 simulation, which extended the
timing over which diabatic heating is turned off in the PRE until 1800 UTC 10 September 2017
to test the temporal sensitivity of denying the production of convective-scale PV in the PRE
(Table 3.1). The other outlier is the PRE&IrmaWS simulation, in which diabatic heating is
continuously neglected for the entirety of the 180-h simulation (Table 3.1). This is meant to be
the most extreme case, which not only removes any impacts from Irma and the PRE, but also

neglects microphysical warming in the midlatitude trough as well (Fig. 3.1).
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Simulation Name

Description

PRE

Contributions to the potential temperature
perturbation by microphysical heating are
neglected in the vicinity of the PRE until
1200 UTC 10 Sep 2017.

PRE18

Like the PRE simulation, yet microphysical
heating impacts are neglected until 1800 UTC
10 Sep 2017.

Irma

Contributions to the potential temperature
perturbation by microphysical heating are
neglected in the vicinity of Irma until 1200
UTC 10 Sep 2017.

PRE&Irma

Contributions to the potential temperature
perturbation by microphysical heating are
neglected in the vicinity of Irma and the PRE
until 1200 UTC 10 Sep 2017.

PRE&Irmaws

Like the PRE&Irma simulation, yet
microphysical heating is neglected for the
entirety of the simulation.

Table 3.1 Descriptions of the five sensitivity simulations performed.
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Domains for Sensitivity Simulations
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Figure 3.1. The spatial extent over which equation (3.2) is modified for the different sensitivity
simulations. The PRE domain is utilized in the “PRE” and “PRE18” simulations. The Irma
domain is utilized in the “Irma” simulation, and the PRE&Irma domain is utilized in the
“PRE&Irma” and “PRE&IrmaWS” simulations.
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3.3 Results

3.3.1 Convective-Scale PV in the PRE and TC Irma

Twenty-four hours into all simulations (0000 UTC 10 September 2017), deep, moist
convection has already been active for several hours in both Irma and the PRE, producing intense
convective-scale PV anomalies except for in regions where microphysical heating has been
neglected (Figs. 3.2 and 3.3). Term two on the right-hand side of (3.2) can be visualized as the
“warm bubble” caused by condensational warming in deep, moist convection, which, when
neglected, severely weakens, or prevents the production of, intense updrafts. This lack of a
“warm bubble” also prevents intense horizontal gradients of microphysical heating to be present,
thus preventing the production of the PV anomalies discussed in Section 2 (Fig. 3.3).
Additionally, the lack of deep, moist convection in the PRE appears to be associated with weaker
poleward ridge amplification (compare latitude of the 8200 m isohypse between Figs. 3.3a,d and
Figs. 3.3b,c,e,f). In simulations in which microphysical heating is turned off in the vicinity of
Irma, there is a lack of convective-scale PV anomalies associated with convection embedded in
spiral rainbands, yet a several-hundred-kilometer-wide positive PV anomaly persists as Irma’s
circulation slowly winds down (Fig. 3.3d-f). The PRE&IrmaWsS simulation is associated with
the weakest poleward ridge amplification across all simulations (Fig. 3.3f), potentially driven by
a combination of the lack of mass transport to the middle- and upper-troposphere by deep, moist
convection, and a weaker advection of warm, moist air transport northward by Irma’s weaker
primary circulation as the TC weakens (Fig. 3.3f).

By another twenty-four hours later (0000 UTC 11 Sep 2017), microphysical heating is

active throughout the domain in all simulations apart from the PRE&IrmaWs simulation (Fig.
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3.4). The Control simulation and all simulations which only limited microphysical heating in the
PRE’s vicinity show the remaining existence of a positive PV tower associated with Irma’s core
and are associated with a northward progression of the geopotential height contours (Fig. 3.4a-c).
For simulations limiting microphysical heating in TC Irma, the cyclonic circulation and
associated positive PV tower and geopotential height anomaly associated with the TC is
substantially weaker (Fig. 3.4d,e) or no longer exists (Figs. 3.4f). The Control and removed-
PRE-only simulations subsequently evolve similarly, with TC Irma’s remnants travelling into the
southeastern United States (Figs. 3.5a-c) and interacting favorably with the upstream trough (not
shown). The Irma and PRE&Irma simulations show a slight northward progression of the
geopotential contours off the southeastern Atlantic coast, yet are not quite as far north than in the
the control and PRE only simulation (Figs. 3.5a-e). The PRE&IrmaWs simulation is the most
drastically different from all other solutions, with no indications of downstream ridge building
and a progression of the upstream trough much further to the east than any other simulation (Fig.

3.5).
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Figure 3.3. 335-K geopotential height (black contours every 600 m), and 335-K PV (shaded in
PVU per the color bar at the right) for the (a) Control, (b) PRE, (c) PRE18, (d) Irma, (e)
PRE&Irma, and (f) PRE&IrmaWs simulations at 0000 UTC 10 September 2017.
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Figure 3.5. As in Figure 3.3 but for 0000 UTC 12 September 2017.
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3.3.2 Downstream Impacts to Jose

Twenty-four hours into each simulation (0000 UTC 10 September 2017), TC Jose has an
average maximum wind speed of approximately 112 knots and is travelling northeastward as it
approaches a midlatitude ridge immediately downstream of TC Irma and the PRE (Figs. 3.6-3.7).
At this time, TC Jose’s circulation remains robust in every simulation, with a clear anticyclonic
signature in the vertical wind shear vector extending several degrees away from the TC’s center
(Fig. 3.6). While the Control simulation does not accurately capture TC Jose’s initial intensity, it
does capture TC Jose’s general weakening trend, with TC Jose’s simulated intensity in the
Control converging on the observed intensity within approximately 36 hours of the start of the
simulations (Fig. 3.8).

By 48 hours into each simulation (0000 UTC 11 September 2017), the Control, PRE, and
PRE18 simulations indicate a weakening TC Jose (Fig. 3.8). This weakening may be caused by
TC Jose being in an environment of northerly vertical wind shear (Figs. 3.9a-c), which can
support the intrusion of cooler, drier environmental air into the TC’s circulation. Conversely, the
Irma, PRE&Irma, and PRE&IrmaWs simulations indicate a strengthening TC Jose (Fig. 3.8). In
simulations where TC Jose is weakening, the TC is on the eastern periphery of the midlatitude
ridge as denoted by the broadly anticyclonic vertical wind shear vectors (Figs. 3.9a-c).
Conversely, simulations which have TC Jose strengthening either have a weaker ridge, TC Jose
directly underneath the ridge axis, or both (Figs. 3.9d-f).

By 0000 UTC 12 September 2017, in the Control, PRE, and PRE18 simulations, TC Jose
has weakened to have an average maximum surface wind speed of 88 knots, while the Irma,
PRE&Irma, and PRE&IrmaWs simulations have TC Jose attain an average maximum surface

wind speed of 132 knots (Fig. 3.8). Additionally, two distinct patterns begin to arise in the track
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of TC Jose. The Control, PRE, and PRE18 simulations have TC Jose largely undergoing a
similar anticyclonic loop, while the Irma, PRE&Irma, and PRE&IrmaWs simulations have TC
Jose either beginning to recurve into the midlatitudes, or largely remaining in place (Fig. 3.7).
Like twenty-four hours previous, the simulations which have TC Jose weakening have the TC in
an environment of northerly vertical wind shear on the eastern flank of the upstream trough,
while the strengthening TC Jose simulations have the TC either directly under the ridge axis or
slightly to the east of the ridge (Fig. 3.10).

Four days into each simulation (0000 UTC 13 September 2017), three distinct outcomes
for TC Jose are evident. The first outcome is present in the Control, PRE, and PRE18
simulations, which all had TC Jose complete an anticyclonic loop while weakening to an average
maximum wind speed of 88 knots (Figs. 3.7 and 3.8). Consistent with previous times, the
weakening simulations continue to have TC Jose placed on the eastern edge of the midlatitude
ridge, and in an environment of northerly vertical wind shear, which is likely advecting cool
moist air into the TC (Fig. 3.11a-c). The second outcome is evident in the Irma and PRE&Irma
simulations, in which TC Jose largely remains in place before slowly travelling northwestward
while keeping TC Jose comfortably at an average maximum surface wind speed of 146 knots
(Figs. 3.7 and 3.8). In these simulations, TC Jose remains in an environment of weak steering
flow and vertical wind shear, allowing the storm to remain in place and strengthen (Figs.
3.11d,e). Finally, the third outcome is evident in the PRE&IrmaWs simulation, in which TC Jose
weakens slightly as it begins to recurve ahead of the trough that progresses eastward in the
absence of both TC Irma and the PRE (Figs. 3.7, 3.8, and 3.11f).

Summarizing, simulations in which microphysical heating is temporarily neglected

exclusively within the PRE have solutions for TC Jose that are very similar to that in the Control
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simulation, suggesting that the evolution of this TC-midlatitude waveguide interaction is largely
insensitive to the existence of the PRE (Figs. 3.6-3.11). Conversely, simulations in which
microphysical heating is temporarily or permanently neglected within TC Irma are associated
with downstream synoptic-scale flow evolutions that are quite different than that within the
Control simulation (Figs. 3.6-3.11). These varying evolutions lead to TC Jose either remaining in
place, or recurving, as opposed to undergoing an anticyclonic loop, and strengthening rather than

weakening (Figs. 3.7 and 3.8).
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Figure 3.6. 335-K geopotential height (black contours every 300 m), 335-K PV (shaded in PVU
per the color bar at the right), and 350-to-320—K vertical wind shear (vectors; kt; reference vector
at lower right) for the (a) Control, (b) PRE, (c) PRE18, (d) Irma, (¢) PRE&Irma, and (f)
PRE&IrmaWs simulations at 0000 UTC 10 September 2017.
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Figure 3.7. TC Jose forecast center location for the control and five sensitivity simulations given
in Table 3.1 and the control every six hours from 0600 UTC 9 September to 1200 UTC 16
September 2017.
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maximum instantaneous 10 m wind speed in knots every six hours from 0600 UTC 9 September
to 1200 UTC 16 September 2017 for all sensitivity simulations in Table 3.1 and the control.
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Figure 3.9. As in Figure 3.6 but at 0000 UTC 11 September 2017.
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Figure 3.11. As in Figure 3.6 but at 0000 UTC 13 September 2017.
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3.4 Conclusions

Ultimately, limiting microphysical heating in the PRE only has minimal impacts on the
evolution of the simulation, independent of the amount of time over which the microphysical
heating is limited (Figs. 3.6-3.11). Additionally, the minimal impacts that turning off
microphysical heating in the PRE have on the simulation were limited locally in both space and
time, such that the PRE and PRE18 simulations converge on a similar solution to the control
within approximately 36 hours of initialization (Figs. 3.6-3.11). Conversely, turning off
microphysical heating in TC Irma has a much more significant impact, both locally and
remotely, on the evolution of the simulation. The Irma and PRE&Irma simulations did not differ
much from each other yet modified the strength of the ridge immediately downstream of the PRE
and TC Irma, causing the track, and subsequent intensity, of TC Jose to evolve very differently.
Finally, the PRE&IrmaWSs simulation suggests that in the absence of both TC Irma and the PRE
entirely, the upstream trough with which they interacted in the control will progress eastward
causing TC Jose to recurve rather than undergo an anticyclonic loop.

While temporarily neglecting microphysical heating in the vicinity of the PRE does not
appear to exert a significant influence on the outcome of this particular TC-midlatitude
waveguide interaction, it does not necessarily mean the PRE does not matter in all TC-
midlatitude waveguide interactions. Section 2 of this study finds that convective-scale elements
in the PRE, and possibly a TC, can support an inverse cascade of energy from small to large
scales, thus having a potential impact on the evolution of the large-scale dynamics.

One issue with the methodology employed in this study, however, is the production of
spurious deep, moist convection along the boundaries of the regions over which microphysical

heating is neglected. For example, in the PRE&IrmaWSs simulation, convective-scale PV not
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only persists for over 24-h off the coast of Louisiana, but congeals into a larger-scale feature
indicative of tropical cyclonegenesis (Fig. 3.12). This feature is not present in the either the
Control simulation or observed data (not shown). Another drawback of the simulations which
turn off the microphysical heating in the vicinity of TC Irma is the time it takes for the
circulation of TC Irma to wind-down as it is continually starved of microphysical heating. One
potential impact of TC Irma’s remaining dynamical influence is the warm, moist air advection on
the eastern flank of the TC, potentially supplying moisture to the PRE even as Irma weakens.
Future techniques, such as PV inversion and spectral filtering to the microphysical heating field,

will be employed to address these issues.
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Figure 3.12. 335-K geopotential height (black contours every 600 m), and 335-K PV (shaded in
PVU per the color bar at the right) for the PRE&IrmaWSs simulation at (a) 0000 UTC, (b) 0600
UTC, (c) 1200 UTC, (d) 1800 UTC 11 September, and (e) 0000 UTC, (f) 0600 UTC 12
September 2017.
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Chapter 4
Main Takeaways

Substantial research has been published on the interaction of TCs with the midlatitude
flow as they recurve into the midlatitudes and undergo ET, including the associated reduction in
downstream midlatitude predictability. This three-part study has contributed two published
works to the literature, furthering knowledge on the impacts to a TC downstream of a TC-trough
interaction (Prince and Evans 2020) and the sensitivity to a TC-trough interaction to convective-
scale processes (Prince and Evans 2022).

Part 1 of this study performs a climatology of indirect interactions, where twenty-six and
56 indirect interactions are identified in the North Atlantic (Table 1.1) and western North Pacific
(Table 1.2) basins, respectively. Part 1 of the study also identifies two pathways by which a
secondary TC can weaken following an indirect-interaction event. In the North 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 1.3; Fig. 1.16, bottom left). Conversely, western North Pacific
strengthening and weakening secondary TCs are primarily stratified by latitude, with weakening
secondary TCs located nearly 6° latitude poleward of their strengthening secondary TC
counterparts at the time of maximum interaction, as opposed to their positions relative to the
midlatitude pattern (Fig. 1.16, bottom right). Strengthening secondary TCs remain well-
equatorward of the midlatitude waveguide and are largely unaffected by changes in the

midlatitude flow, whereas weakening secondary TCs rapidly approach the midlatitude
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waveguide following the time of maximum interaction (Table 1.4; Fig. 1.16, 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.

Part 2 of this study identifies the physical processes that allow for thunderstorm-scale PV
anomalies to modify the synoptic-scale flow and can be conceptualized as follows (Fig. 2.14).
When a thunderstorm initiates within a vertically sheared flow, such as one found on the eastern
flank of an upstream midlatitude trough, its associated horizontal gradients of microphysical
heating generate PV anomalies aligned perpendicular to the background vertical wind shear
vector, with negative PV anomalies to the left of the shear vector and positive PV anomalies to
the right of the shear vector (Figs. 2.6 and 2.7ab). On the eastern flank of the upstream trough
and to the north of TC Irma, the large-scale strain field can be approximated as having an axis of
dilatation oriented from southwest to northeast (Fig. 2.12). This large-scale strain deforms the
convectively generated PV anomalies, stretching them along the axis of dilatation (Figs. 2.6ac).
The newly deformed PV anomaly covers a larger area than it did before, such that from the
circulation theorem its rotation rate must decrease. Due to the alignment of the deformed
anomaly with the large-scale strain field, a tensile stress is applied to the large-scale strain, thus
reinforcing the large-scale strain, and adding energy to the large-scale flow (Fig. 2.14). The
inverse energy cascade is accomplished by the filamentation of the negative PV anomalies (Fig.
2.14).

The final part of this study performs a series of sensitivity simulations on the TC-
midlatitude waveguide interaction involving a PRE and TCs Irma and Jose which is studied in

part 2. Preliminary results suggest that convection inside of the PRE had a negligible impact on
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the downstream evolution, as limiting convection inside of the PRE over varying time periods
results in a solution like the Control (Figs. 3.3-3.6a-c, 3.7, 3.8, and 3.9-3.11a-c). The only
solutions which show meaningful impacts to the downstream flow evolution and TC Jose are
those in which microphysical heating is neglected with TC Irma (Figs. 3.3-3.6d-f, 3.7, 3.8, and
3.9-3.11d-f). While these findings suggest that the inverse cascade of energy identified in Section
2 may not have a meaningful enough impact on the large-scale flow to drastically change the
evolution of this particular TC-midlatitude waveguide interaction, it does not necessarily mean it

is negligible for all TC-midlatitude waveguide interactions.
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Appendix A: Notes on the Calculation of the Ventilation

Index with Gridded ERA-Interim Data

As given by equation (1.2), the ventilation index first shown in Tang and Emanuel (2012) is
given by:

A= UshearXm (Al)

upg

Where Ugpeqr = |Vg50 — V200] 1S the bulk environmental vertical wind shear magnitude between
850 and 200 hPa, up, is the maximum potential intensity (MPI), and y,, is the nondimensional

entropy deficit. The entropy deficit y,,, is defined as:

Ay = STSm (A2)

SssT~ Sb
where s,,, is the saturation entropy at 600 hPa in the TCs inner core, s, is the environmental
entropy at 600 hPa, ss¢r IS the saturation entropy at the sea-surface temperature (SST), and s, is
the entropy of the boundary layer. The calculation used for the MPI follows Bister and Emanuel

(2002),

Ts C

Ty Cq (ln@é‘ — n6;)|m (A3)

VrrZL = Cp(Ts — To)

where V;,, is the maximum gradient wind speed, c,, is the heat capacity at constant pressure, T is
the ocean temperature, T, is the mean outflow temperature, C,, the exchange coefficient for
enthalpy, Cp the drag coefficient, 6, the saturation equivalent potential temperature at the ocean
surface, and 6, the boundary layer equivalent potential temperature. The last factor of (A3) is
calculated at the radius of maximum winds.

In Tang and Emanuel (2010), the 600 hPa saturation entropy is calculated as an average

within a 100 km annulus of the best-track TC center, and the midlevel entropy is averaged over a
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100-300 km annulus of the best-track TC center. These averages output a single number, while
we are interested in viewing the ventilation index in a spatial sense. To match the methodology
of Tang and Emanuel (2010) as closely as possible, for each grid point, a running spatial mean is
performed, with a radius of one grid point for the saturation entropy, and a radius of one to four
grid points for the midlevel entropy. A major drawback of working with a coarse-resolution
reanalysis dataset such as the ERA-Interim, is the poor representation of TCs, particularly those
which are small and intense, thus, even with the averaging performed above, it is important to
note the likely misrepresentation of the saturation entropy. Additionally, given that the focus in
these calculations is on the average downstream impact in the vicinity of the secondary TC far
away from the primary TC, impacts from the TCs primary and secondary circulations to these
quantities are retained for simplicity.

Finally, in Tang and Emanuel (2010) the MPI is calculated at the future location of the
TC of interest. But given that we are again interested in a gridded calculation of the ventilation
index, the MPI is simply calculated at every grid point, independent of where the TC is at a
particular time. This leads to an MPI signal which is likely largely driven by sea-surface
temperature anomalies in the vicinity of the TC caused by upwelling (Figs. Al and A2).
Therefore, much of the signal immediately surrounding the initial TC in the ventilation index in
section 2 is largely driven by this upwelling signal, yet further away from the initial TC, this

signal fades and the environmental characteristics become more apparent (Figs. Al and A2).
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Composite SST Anomaly at the Time of Max Interaction
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Figure Al. Composite SST anomaly (in K; per the color bar on the bottom) over the 26 identified
indirect interactions in the North Atlantic basin. The blue square denotes the average location of
the primary storms at the time of maximum interaction between the primary TCs and the
midlatitude waveguide.
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Composite SST Anomaly at the time of max interaction
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Figure A2. Same as in Figure A1, except averaged over the 56 identified indirect TC interaction
events in the western North Pacific basin.
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Appendix B: Derivation of the Fully Three-Dimensional PV

Tendency Equation in Isentropic Coordinates

To obtain the fully three-dimensional PV tendency equation in isentropic coordinates,

following Lackmann (2011), we first start with the isentropic horizontal momentum equations,
] ] a , 50 oM
(E+ua+v5+e£)u—fv+a—Fx—Oand, (B1)
d ] a , 50 oM
(a+ua+v5+95)v+fu+$—Fy—O (B2)
where u and v are the zonal and meridional wind components, respectively, F, and F, denote the
frictional force components in the zonal and meridional directions, respectively, 8 = %, f isthe
Coriolis parameter, and M is the Montgomery streamfunction, given as,

M=gZ+C,T (B3)
where g is gravity, Z is the geopotential height of the isentropic surface, C, is the specific heat at

constant pressure for dry air, and T is the temperature on the isentropic surface.
We then subtract the y-derivative of (B1) from the x-derivative of (B2) to obtain the

isentropic vorticity equation,

940 7] » 0v 7] » 0u _
7+5[ucag+ev£—1vy]+5[vcag+ev£—1vx]_0 (B4)

where 4 is the absolute vorticity on an isentropic surface. The vector form of (B4) is given by:

I = ~ 5 2OV
Ha0 4 V- (Vi) + k- Vo x (F=622) =0 (B5)
Where V = (u,v, 0) represents the horizontal wind on an isentropic surface, V = (0, d,,0)

represents the horizontal gradient operator on an isentropic surface, k = (0,0,1) represents the

unit vector perpendicular to an isentropic surface.
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(B5) can be rewritten, such that

> - 0 » 0
J = Wap a0, 0) + (622, -052,0) + (—F;, F,, 0) (B6)
where,
%ao L y.7=0 (B7)

at
with (B7) stating that the only way to locally change absolute vorticity on an isentropic surface
are through divergence of the vector J.

We then write a general relation for the mixing ratio of an arbitrary quantity q such that,

d(oq)
at

+V-j=0S (B8)

where S represents all sources and sinks of g, and ¢ is the isentropic density defined as,

_ _1lop
o= -3 (B9)
and,
Tnew = (uaq, vaq, éaq) + (—E,,E,0) (B10)

If we let g represent the dry-air mixing ratio (equal to 1) and neglect friction and sources or
sinks, then (B8) becomes the isentropic continuity equation,
Z—f +V-(aV) + % (66)=0 (B11)
When drawing comparisons between (B8) and (B10) with (B6) and (B7), we get,
q="2 (B12)
which we can rewrite as,
4=—95 s = PV (B13)
where PV is the Rossby-Ertel potential vorticity.

To obtain a tendency equation for PV we will utilize (B8), with g = PV. This gives,
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dcPV | @ 3 v 2 ) du
Y: +£[uO'PV+9£—Fy]+E[UO'PV—9£+F)C]_0 (814)

which can be rewritten to,

R R I e B D)
excluding friction simplifies to,

B g Pl g (R 2y (B16)
which, when expanded into the local and advective components, and written in vector form,
results in equation (2.3).

As noted in Section 2.2.3,  in WRF is made up of several terms,
6 = 0,40 + Osnatiow cu. + Ocu. + 9pr + 9mp (B17)

where 6, is the total contribution to the potential temperature tendency from the radiation
parameterization O,,110w ¢y 1S the contribution to the potential temperature tendency from the
shallow cumulus parameterization, 8., is the contribution to the potential temperature tendency

from the cumulus parameterization, épbl is the contribution to the potential temperature tendency
from the planetary boundary layer parameterization, and émp is the contribution to the potential

temperature tendency from the microphysical parameterization. Given that the numerical
simulations are performed at convection-permitting grid spacings with no cumulus
parameterization, contributions from the two cumulus terms are zero. Additionally, when
calculating the PV tendency in (B16), the focus is primarily on the middle- to upper-troposphere,
where turbulent vertical mixing is quite small, making contributions from the turbulent vertical
mixing scheme orders of magnitude less than other terms on the right-hand side of (B17), thus it
can be neglected. Finally, contributions from the radiation parameterizations are several orders of

magnitude weaker than the microphysical heating (not shown), resulting in the approximation:
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Appendix C: Notes on the Calculation of the Horizontal

Spectral Kinetic Energy Budget

Following Peng et al. (2014) and Menchaca and Durran (2019), the horizontal Kinetic

energy of the flow can be represented as,

KEy, = 5 pu? (C1)
where u = (u, v) is the horizontal wind vector and p is the density. If we perform a Fourier
transform to transform from physical to wavenumber space, (C1) becomes,

KEy(k) = - pti* (k) - (k) (C2)
where k = k, i, with a hat denoting a Fourier-transformed variable, an asterisk denoting the

complex conjugate, and p representing a horizontally uniform background density profile. The

time rate of change of (C2) is given by:

0 KEy (k) =2 [(u, 0,u), + c.c.] (C3)
where (a, b), = @*(k) - b(k), and the c. c. denotes the complex conjugate of whatever term
comes before the “c. c.", which, in the case of (C3) would be the complex conjugate of
(u, 0, u);. Ifwe let V= (%,;—y, 0), the horizontal momentum equation in physical space can be
written as,

du= —u-Vu—wo,u—c,0vn' + Fj (C4)
where F, is the turbulent subgrid-scale diffusivity, w is the vertical velocity, c,, is the specific

heat capacity for dry air at constant pressure, 8(z) is a vertically varying approximation to the

full 6(x,y,z,t), and m is the Exner function, which is comprised of a horizontally uniform
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component 7(z), where the overbar denotes a spatial average of the domain of interest, that is in
hydrostatic balance with 8(z) and the remainder 7’ (x, y, z, t), where t’ =  — .

Substituting (C4) into (C3), we obtain:
0.KE, (k) = §[(u, —u-Vu— wo,u—c,0Vr' + F,) +c. c.] (C5)
which can split into three separate terms. It should be noted that the c. c. is distributed to the

terms inside of the preceding parentheses in (C5), and the leading g is distributed to the terms

inside of the bracket. Additionally, the negative leading sign in some terms is due to the reverse
distribution of a negative sign. The first term of the distributed form of (C5) is the tendency

arising from advection,

A(k) = —

N [

[(w,u-Vu+wo,u), +c.c.] (Co6)
the second term is the tendency arising from the pressure gradient force,
P(k) = —2¢,0[(w, V') + c.c.] (C7)
and the final term is the tendency due to dissipation,
D(k) = 2(u Fy)i +c.c. (C8)
The advective tendency in (C6) can be further decomposed into,
A(k) = T(k) + Vo (k) + & (k) (C9)
where,
T(k) = —pf{{wu-vu+Su@- u)]k — 2 (0w, wu)y, + 3 (wwd,u)} + co. (C10)
is the conservative transfer of energy between wavenumbers,
Va(k) = —8,[p(u,wu)] + c.c. (C11)

is the divergence of the vertical advective energy flux, and
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g (k) =

N[

{lu,u(V-u+ d,w]; + d,In (p)(w,wu),} + c.c. (C12)
with (C12) representing the component of the advective tendency which is nonzero when the
anelastic continuity equation is not satisfied. Although our model is not anelastic (similar to
Menchaca and Durran (2019)), they note that (C12) is quite small, so we neglect (C12) as they
did in their study.

To attain the buoyancy and full vertical advective flux terms in (2.10), we first write out
the vertical component of the pressure gradient force using the pseudo-incompressible
approximation,

P,(k) = c,p0(w, 0,1")y — c,0,[pO(w, )] + c.c. (C13)
Under the hydrostatic approximation, d," is proportional to 6'.

The first term in (C13) represents buoyancy forcing, which can be written as:

B(k) = c,pb(w, 0,m"); + c.c. (C14)
whereas the second term in (C13) represents the divergence of the vertical flux of energy due to
pressure work(or pressure-volume work), which can be physically represented by the expansion
of an air parcel as it rises, and can be combined with (C11) to obtain the total vertical energy flux

divergence,
V(k) = —%az[ﬁ(u, ww)y] — ¢,0,[p0(w, "), ] + c.c. (C15)
The expression for Fy, in (C8) is,

2%u
K,V*u + K, o (C16)
where K, is the horizontal eddy viscosity computed in WRF-ARW as a function of the

horizontal deformation and K, is the vertical eddy viscosity computed from the planetary

boundary layer parameterization.
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Appendix D: Modifications to the WRF Code

In the WRF-ARW model, after the microphysics parameterization has been called to calculate
updated microphysical species and their concentrations, the microphysical potential-temperature
tendency is calculated and then applied to the perturbation potential temperature field. This is
accomplished by first calculating the dry perturbation potential temperature,

Aedry = Hdry,new - Hdry,old (D1)
where 657} is the new perturbation potential temperature field after the microphysical

parameterization is called and egﬁg is the perturbation potential temperature field before the

microphysical parameterization is called. The full perturbation moist potential temperature field

is then,

Ry Ry

er,noist,new = edry,old * [1 + (R_) * qv,old] + Aedry * [1 + (2_2) * qv,new] + [(Rd) * ACIv *

d

Barymew| = To (D2)
where R, = 461 JK *kg~1and R; = 287 JK~1kg~! are the gas constants for moist and dry air
respectively; q,, 14 and q,, n0,, are the vapor mixing ratio before and after applying the updated
microphysical tendencies, respectively; Aq, = qynew — Gvo1a; @nd To = 300 K is the base-state
temperature which is subtracted to get the perturbation. In all sensitivity simulations performed,
term two on the right-hand side of (D2) is made to be zero over all vertical levels, effectively
negating any contributions from the microphysical parameterization to the simulated potential-

temperature field while still allowing the hydrometeors to evolve naturally.
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