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ABSTRACT: Given the ability of recurving Atlantic tropical cyclones (TCs) to disturb the amplitude of Rossby waves on
the extratropical jet, this study investigates whether the predictability of the synoptic-scale flow is significantly modified
from climatology downstream from and after TC recurvature events. Predictability is evaluated as the standard deviation of
isentropic potential vorticity among a 50-member ensemble and is compared with a model climatology. It is shown that
forecast uncertainty is dependent upon the relative location of the nearest trough at the time of recurvature and the relative
zonal speed between the aforementioned trough and the TC in the 72h after recurvature. Predictability is significantly
degraded when recurvature occurs downstream of a trough; the elevated uncertainty subsequently propagates downstream
along with the trough axis. Furthermore, this study evaluates predictability in spectral space to distinguish between un-
certainty tied to the exact location of troughs and ridges and uncertainty in Rossby wave amplitude. The wavelet analysis
demonstrates that the increase in uncertainty is not solely limited to the trough location, as there is also significantly elevated
uncertainty in the Rossby wave amplitude that originates from the upstream trough and spans across downstream troughs
and ridges. Uncertainty is also increased near the recurvature longitude in the subset of cases in which the Rossby wave train
propagates zonally slower than the TC after recurvature, which is hypothesized to be linked to baroclinic growth processes.
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1. Introduction and background events in which the TC outruns its nearest trough have been
associated with a brief period of synoptic-scale Rossby wave
suppression. The significant change in Rossby wave amplitude
downstream from the recurving TC motivates this study to
determine if this TC—jet interaction introduces or elevates the
uncertainty of downstream weather forecasts and if the pre-
dictability of the downstream weather is sensitive to the char-
acteristics of the recurving TC or its phasing with the jet.
Deterministic numerical weather prediction is an initial
value problem requiring accurate and precise specification of
the current state of the atmosphere as well as a flawless model
in order to generate a reliable prediction of a future state. With
increasing lead time, small errors in the estimation of the initial
state grow, thus rendering forecasts less accurate. Lorenz
(1965) revealed that forecasts proceeding from initial condi-
tions that varied only infinitesimally from each other would
eventually diverge until all initial condition information is lost
and the average difference between the solution states is as
large as the average difference between randomly selected
solution states, representing the “limit” to deterministic pre-
dictability. Lorenz (1995) hypothesized that this limit on pre-
dictability is a function of the dynamical system, the available
observations, and the model’s ability to simulate the system.
Predictability may be quantified in numerical weather pre-
diction studies through the use of ensembles in which small
perturbations to the initial conditions and stochastic pertur-
bations of the parameterizations produce an assortment of
possible outcomes. The predictability of this ensemble of
simulations can be evaluated on the basis of 1) bias, measured
by the errors from observations or reanalyses and 2) the
uncertainty, typically quantified by the variance among the
ensemble members. Forecasts with substantial errors are
Corresponding author: Allison Lynn Brannan, albrannan@  poor representations of the future state, corresponding to
gmail.com either events with low predictability or a low predictive skill.

Tropical cyclones (TCs) in the Atlantic basin regularly
attain latitudes poleward of 35°N, which situates them on the
west/northwest side of the subtropical high and in a position sus-
ceptible to the steering flow of the midlatitude jet. These large-
scale circulation features often cause the TCs to begin moving
northeastward as opposed to their original northwestward-
directed track, which is commonly referred to as ‘‘re-
curvature.”’ Approximately 1-2 days following recurvature
(Aiyyer 2015; Torn and Hakim 2015), a process known as
“extratropical transition” begins as the midlatitude tempera-
ture gradients provoke the TCs to lose their tropical charac-
teristics and acquire structures of extratropical cyclones (Jones
et al. 2003). While the extratropical flow is able to influence the
TC’s track and structure, these TCs are also capable of dis-
turbing and modifying the Rossby waves on the midlatitude jet,
which has implications for severe and extreme weather events
downstream (Harr and Dea 2009; Cordeira and Bosart 2010;
Grams et al. 2011; Archambault et al. 2013; Grams et al. 2013a;
Pantillon et al. 2013; Archambault et al. 2015; Grams and
Archambault 2016; Pohorsky et al. 2019). Although the ex-
tratropical flow response is not consistent following every
Atlantic TC recurvature, the variation in the downstream ex-
tratropical flow response is most strongly connected to the
average Rossby wave relative speed of the recurving TC within
the 72 h following recurvature (Brannan and Chagnon 2020).
The cases in which the trough closest to the TC’s recurvature
point moves zonally faster than the TC after recurvature are
those most likely to yield amplified synoptic-scale Rossby
waves downstream from recurvature. Conversely, recurvature
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Separately, a large spread, or a large variance, between en-
semble members indicates a regime with greater forecast un-
certainty and is therefore linked to reduced predictability
(Harr et al. 2008; Anwender et al. 2008, 2010).

Our current numerical weather prediction models experi-
ence difficulties simulating the structural changes of extra-
tropical transitioning TCs even at short lead times (Evans et al.
2006). Furthermore, the representation of midlatitude Rossby
waves (including their amplitude, location, and phasing with
the TC) contributes additional variability, yielding a degree of
medium- to extended-range forecast uncertainty surrounding
TC recurvature and the resulting large-scale flow. These errors
tend to grow and propagate, leading to additional and/or in-
creased forecast errors in the evolution of the downstream
waveguide and downstream extreme weather (Jones et al.
2003; Harr et al. 2008; Anwender et al. 2008; Reynolds et al.
2009; Anwender et al. 2010; Pantillon et al. 2013; Quinting and
Jones 2016). Therefore, small errors in the forecast of the TC
(e.g., track, intensity, etc.) or the forecast of the large-scale flow
(e.g., strength of the potential vorticity (PV) gradient, position
of the jet, location or amplitude of troughs/ridges, etc.) may
cause greater uncertainty in downstream weather, as exem-
plified by case studies of individual recurvature events (Jones
et al. 2003; Anwender et al. 2008; Harr et al. 2008; Reynolds
et al. 2009; Anwender et al. 2010; Chaboureau et al. 2012;
Pantillon et al. 2013).

Several studies have examined climatologies of forecasts
following recurving TCs within the western North Pacific,
Atlantic, and southern Indian Ocean basins. Using the en-
semble standard deviation of either 250- or 500-hPa geo-
potential heights to quantify predictability, Aiyyer (2015),
Quinting and Jones (2016), and Torn (2017) agree that the
most prominent departure from climatology occurs in the
North Pacific basin where a statistically significant widening of
the ensemble spread emerges near the time of recurvature and
along the recurvature longitude. This decreased predictability
propagates with the group velocity of the Rossby waves into
the downstream regions, following TC recurvature (Harr et al.
2008; Anwender et al. 2008; Pantillon et al. 2013; Aiyyer 2015;
Quinting and Jones 2016; Torn 2017). The role of forecast lead
time was also evaluated within these studies. Based on the
results from Aiyyer (2015) and Torn (2017), it appears that
recurvature events abruptly increase the ensemble spread
downstream from recurvature regardless of the forecast lead
time. However, the largest positive standard deviation anom-
alies downstream of the recurvature event are found in fore-
casts initialized in the days leading up to recurvature, but
actually decrease back toward climatology in the days follow-
ing recurvature (Torn 2017). This result highlights the idea that
the uncertainties surrounding the recurvature event are com-
municated into the downstream forecasts until the recurvature
details (e.g., phasing with upstream trough, timing of re-
curvature, etc.) are accurately represented within the initial
conditions (Torn 2017).

Nevertheless, the unique factors of the TC—jet interaction
that act as the sources of uncertainty throughout the re-
curvature time period and the resulting downstream flow still
remain unclear. The numerical weather prediction forecast
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uncertainty following a TC recurvature/jet interaction has
been predominantly hypothesized to originate from either 1)
errors stemming from inaccuracies in representing the phasing
between the recurving TC and its upstream trough (Klein et al.
2002; Anwender et al. 2008; Harr et al. 2008; Riemer and Jones
2010; Grams et al. 2013b) or 2) the inability to explicitly cap-
ture the effects of the TC’s upper-level divergent outflow on
the jet stream’s inherent PV gradient (Riemer et al. 2008; Harr
and Dea 2009; Keller et al. 2014; Archambault et al. 2015). The
results from Torn (2017) show that the cases with the greatest
downstream uncertainty are those with highly amplified ridges
downstream from the TC recurvature point. These results,
though, are in opposition to those from Aiyyer (2015) who
reported a slight increase in predictability (decrease in en-
semble spread) for cases where North Pacific TC recurvatures
yield an enhanced downstream ridge. Other characteristics
such as the presence of an upstream trough, the forecast
variance of TC position, the magnitude of latent heat release,
and the amount of PV advection by the TC’s upper-level di-
vergent outflow have been cited as insignificant factors in
determining the degree of downstream forecast uncertainty
(Torn 2017).

The purpose of this study is to elaborate on the previous
climatologies that have examined the effects of recurving
Atlantic TCs on the downstream, large-scale predictability.
Previous studies (Aiyyer 2015; Quinting and Jones 2016; Torn
2017) have examined the standard deviation of 250- or 500-hPa
geopotential heights to assess trends in predictability
throughout recurvature periods. This study, however, will
evaluate predictability through an analysis of PV on the 320-K
isentropic surface throughout the Atlantic basin during TC
recurvature periods. The complete set of Atlantic recurvature
cases will be subdivided based on characteristics of the TC, the
large-scale flow, and the interaction between the two in order to
determine which characteristics, if any, produce statistically sig-
nificant differences in downstream predictability. The novel as-
pects of this analysis distinguishing it from previous studies are as
follows. 1) The focus on isentropic PV (as opposed to geopotential
heights) highlights the influence of TC recurvature on the large-
scale Rossby wave response. 2) A wavelet technique is used in
order to distinguish between the uncertainty in the amplitude of
the wave pattern and the uncertainty in the location of troughs
and ridges. 3) Following the conclusion of Brannan and Chagnon
(2020), this study considers the role of the relative propagation
speed of the recurving TC versus the nearest trough in regulating
the predictability, rather than focusing exclusively on the relative
location of each feature at the time recurvature.

The remaining sections of this paper are presented as fol-
lows. Section 2 describes the data sources, the metric for
characterizing Rossby waves, and the method of quantifying
predictability. Section 3 begins with a full composite analysis of
the PV standard deviation anomalies, which are then sub-
divided based on various recurvature characteristics to deter-
mine which of these yield the largest differences in downstream
predictability. A similar analysis of predictability is then exe-
cuted within spectral space in section 4. Conclusions are dis-
cussed in section 5 along with insight into future extensions of
this study.
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FIG. 1. Tracks of the 72 recurving Atlantic Ocean TCs that occurred between 2007 and 2016
and reached a latitude of 35°N. Dots indicate the recurvature point of each track. The red track
represents TC Philippe (2011), which is used in Fig. 2 to demonstrate the Rossby wave de-

tection methods.

2. Data and method

To analyze the predictability associated with recurving
Atlantic TCs, this study requires a poststorm reanalysis dataset
including tracks and descriptive characteristics of historical
recurving TCs as well as operational analyses and ensemble
forecasts of the PV field throughout the Atlantic basin before,
during, and after TC recurvature. Furthermore, the wavelet
power decomposition technique and analysis rely on a variant of
the ensemble PV field as a metric to characterize the extra-
tropical jet, all of which are described in the following section.

a. Data and sources

Rossby waves on the extratropical jet propagate as undulations
in PV on isentropic surfaces. For each Atlantic TC recurvature
event included in this study, PV on the 320-K isentropic surface
on a 1° X 1° global grid is obtained as both operational analyses
and historical forecasts from the European Centre for Medium-
Range Weather Forecasts (ECMWF) through the THORPEX
Interactive Grand Global Ensemble (TIGGE) Data Retrieval
archive (Swinbank et al. 2016), which includes data dating back to
2006. These ECMWF forecasts contain 50 ensemble members.
Forecast data are acquired for initialization times ranging from
10 days (240 h) before each TC’s recurvature to 10 days (240h)
after recurvature, with forecast output at 12-h intervals and
forecast cycles that extend 15 days (360h) after initialization.
Forecasts are initialized at 0000 and 1200 UTC each day.

To the authors’ knowledge, this study is the first to evaluate
the predictability of downstream Rossby waves following
Atlantic TC recurvature events using PV on an isentropic
surface for tracking and quantification. PV is conserved fol-
lowing frictionless, adiabatic flow, making it a worthy tracer of
the large-scale flow on an isentropic surface (Hoskins et al.
1985). The meridional gradient in PV provides the restoring
force responsible for the propagation of Rossby waves, often
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referred to as the midlatitude waveguide (Martius et al. 2010).
Therefore, contrary to previous studies that analyzed geo-
potential heights, the unique characteristics of PV on an isen-
tropic surface render it better suited for diagnosing the structure
and behavior of upper-level Rossby waves on the extratropical
jet, downstream from a recurvature event. The 320-K isentropic
surface is chosen for this study for consistency with a previous
study (Brannan and Chagnon 2020), but also because it regularly
intersects the midlatitude tropopause near the latitude location
of the extratropical jet stream.

Recurving TC tracks along with descriptive characteristics
throughout the TC'’s life cycle are extracted from HURDAT?2,
which is a best track reanalysis database from the National
Hurricane Center containing information on all Atlantic TCs
dating back to 1851 (Landsea and Franklin 2013). This dataset is a
poststorm reanalysis that provides data on each TC’s position,
central pressure, size based on the 34-kt (1kt ~ 0.51ms™!) wind
speed radii, and maximum sustained winds at regular 6-h intervals.

Storms are selected as recurving TCs if they possess three
consecutive time steps where the storm tracks eastward and
northward. This procedure, therefore, also allows the inclusion
of TCs that lack an initial westward track component, but begin
their life cycle moving in the northeast direction as commonly
seen from TCs developing in the Caribbean or Gulf of Mexico.
Additionally, this study requires that each TC reaches a lati-
tude of 35°N, to ensure that it attains a position with a rea-
sonable chance of interaction with the midlatitude jet stream.
Last, recurving TC cases are limited to those storms that oc-
curred between 2007 and 2016 in order to align with the
available archived forecast data. These criteria result in a total
of 72 recurving Atlantic TCs to be analyzed in this study, whose
tracks are displayed in Fig. 1.

The method of identifying the recurvature point is identical
to that performed in Brannan and Chagnon (2020). The re-
curvature point is selected as the westernmost point attained
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by the TC before its redirection toward the east. One caveat to
note is that recurvatures occurring at 0600 or 1800 UTC are
adjusted to the previous point at 0000 or 1200 UTC, respec-
tively, in order to account for the differences in time intervals
between HURDAT?2 and TIGGE (6-h intervals in HURDAT2
while only 12-h intervals in TIGGE).

To determine the effects of a recurving TC on the predict-
ability of the downstream synoptic-scale flow, TC tracks are
aligned based on their recurvature time and longitude to fairly
separate before and after recurvature, as well as upstream from
downstream, when compositing across the group of TCs
(Aiyyer 2015; Quinting and Jones 2016). In this recurvature-
relative framework, a longitude of O corresponds to the re-
curvature longitude and a time of 0 coincides with the recurvature
time for each individual case. Therefore, negative longitude
values are located upstream from the TC’s recurvature point
and positive longitude values are downstream of the TC’s re-
curvature point. Similarly, time values less than zero denote
hours before recurvature occurs and positive time values rep-
resent hours after recurvature. There is not a clear definition
for the exact time when interaction between the TC and the
extratropical jet begins. Several studies (e.g., Archambault
et al. 2015; Aiyyer 2015; Quinting and Jones 2016) have used
the recurvature time for normalization between TCs, some
(e.g., Torn 2017) have suggested the use of the onset time of
extratropical transition, while others (e.g., Archambault et al.
2015) have used the point of maximum interaction defined by
the point of strongest negative PV advection by the TC’s ir-
rotational wind. Given the ambiguity concerning the onset
time for interaction, a reasonable estimate for the uncertainty
associated with this choice is approximately 36 h. Because we
seek to identify signals that persist for longer than two days,
this uncertainty is acceptable.

b. Rossby wave diagnosis

The location and amplitude of Rossby waves on the extra-
tropical jet must be diagnosed 1) to “‘subset” the full group of
TCs by phasing characteristics between the TC and the mid-
latitude Rossby waves (section 3c) and 2) to perform a wavelet
spectral decomposition that allows an isolated analysis of the
predictability of Rossby wave amplitude (section 4). Rossby
waves are identified here by the same technique used in
Brannan and Chagnon (2020). This technique is summarized
here and elaborated in Brannan and Chagnon (2020). Between
40° and 70°N, a meridional average of PV is calculated,
yielding a single value of mean PV at each longitude that is
subsequently converted to an anomaly from the global
midlatitude mean PV. To filter any subsynoptic-scale dis-
turbances, a spatial filter is applied using a weighted running
average of these anomalies. The resulting “Rossby wave
metric” is capable of reliably diagnosing the location and rel-
ative amplitude of troughs and ridges on the extratropical jet,
which is demonstrated for a single time following the re-
curvature of TC Philippe (2011) by plotting the Rossby wave
metric alongside the PV field in Fig. 2a. The 1.5 potential
vorticity unit (1 PVU = 107°K kg 'm?s™") contour is used
here to estimate the latitude of the extratropical jet stream on
the 320-K isentropic surface (Nielsen-Gammon 2001). To
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facilitate a visual comparison with the 1.5-PVU contour, the
Rossby wave metric is translated, inverted, and magnified ac-
cording to the figure caption, though the raw Rossby wave metric
is used for all calculations. Despite some limitations, the Rossby
wave metric reliably captures the trough and ridge locations along
with their relative amplitudes, allowing it to be used for a wavelet
spectral decomposition described in the following section.

c. Wavelet decomposition

Brannan and Chagnon (2020) used wavelet spectral analysis
(Torrence and Compo 1998) to diagnose the location, ampli-
tude, and wavelengths of Rossby waves during TC recurvature
events. The same technique is used in this analysis of predict-
ability. Wavelet transforms are applied to the PV-based Rossby
wave metric described in section 2b. A strength of the technique
is that it distinguishes amplitude from phase in physical space,
meaning that slight zonal translations of individual troughs and
ridges imbedded within the large-scale wave pattern will not
affect the wavelet power at a specific location and wavelength. In
other words, we may separately evaluate the forecast uncer-
tainty attributed to the amplitude of the wave pattern versus that
associated with the location of trough/ridge axes (section 4).

The reliability of this wavelet decomposition technique in
detecting the power and location of troughs is shown for the
time 48 h after the recurvature of TC Philippe (2011) in Fig. 2b.
The lack of power in the shortest wavelengths can be attributed
to the spatial averaging implemented during the calculation of
the Rossby wave metric, which smoothed and filtered
subsynoptic-scale perturbations. Each trough present in the
raw PV field of Fig. 2a corresponds to a region of synoptic-scale
trough power as identified by the wavelet decomposition
technique in Fig. 2b. Ridges (not shown) are also clearly cap-
tured by the wavelet decomposition method. The analysis of
predictability in spectral space (section 4) focuses on synoptic-
scale wavelengths, defined in this study as an average over 20°-
60° wavelengths, which are plotted in Fig. 2c.

d. Assessment of predictability

This study will evaluate the uncertainty of medium-range,
synoptic-scale forecasts through both physical and spectral
lenses while using similar forecast evaluation techniques. The
first half of this study (section 3) resides in physical space and
analyzes forecasts of raw PV in the Atlantic basin. Section 4
focuses on spectral space by evaluating the wavelet power in
20°-60° wavelengths of the forecast Rossby wave metric. It
should be noted that the remainder of this section solely refers
to the “wavelet power” in the description of the methods;
however, these procedures are applied to the total wavelet
power spectra, as well as the trough power spectra and the
ridge power spectra separately.

Predictability will be characterized by the standard devia-
tion of the distribution of PV (section 3) or synoptic-scale
wavelet power (section 4) between the 50 ensemble members,
which is calculated for each lead time over every forecast cycle.
The goal is to identify locations and times where and when the
forecast uncertainty is significantly modified during a TC re-
curvature event. With or without TC recurvature, the ensem-
ble’s standard deviation is expected to increase as a function of
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FIG. 2. A demonstration of the Rossby wave metric and the wavelet power spectrum at
0000 UTC 8 Oct 2011, corresponding to 48 h after the recurvature of TC Philippe. (a) Potential
vorticity on the 320-K isentropic surface (color shading); the 1.5-PVU contour (black), which
can be used to approximate the location of the jet stream; and the Rossby wave metric (blue),
which has been inverted, translated north by 60°, and amplified by a factor of 10 to facilitate
comparison with the 1.5-PVU contour. The purple line shows the complete track of TC
Philippe, with the purple dot indicating the position at this individual time. The thick gray
dashed line denotes the longitude of recurvature, and the thin gray dashed line denotes 120°
downstream of the recurvature longitude. Here, T indicates a trough location and R indicates a
ridge. (b) Trough power as calculated by the wavelet decomposition technique. This study
focuses on 20°-60° wavelengths, which are those wavelengths between the horizontal black
lines. (c) Trough power averaged over synoptic-scale wavelengths (20°-60°) and plotted over
times from 96 h before recurvature to 168 h after recurvature. The black dashed line denotes
48 h after recurvature, corresponding to the time of (a) and (b).
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FIG. 3. Color shading displays the normalized standard deviation anomalies of PV on the 320-K isentropic surface, averaged between
40° and 70°, for all 72 Atlantic recurvature events and forecast cycles initialized at (a) 72 h before, (b) 36 h before, (c) 12 h before, (d) 12h
after, (e) 36 h after, and (f) 72 h after recurvature. The thick vertical and horizontal lines denote the recurvature longitude and time,
respectively. Hatching indicates times/locations where anomalies are statistically significant from climatology at the 90% confidence level.
Average PV is also plotted, with 1.6 and 1.8 PVU shown by dashed gray contours and 2.2 and 2.4 PVU shown by solid gray contours.

lead time and to vary by location. To detect a signal associated
with TC events, the standard deviations across the ensemble
are normalized by a ““climatology’ that is a function of the time
of year, forecast lead time, and physical (as opposed to
recurvature-relative) longitude. This reference climatology is
calculated from the simulated PV (or wavelet power) encom-
passed by all 42 initialization times/forecast cycles that straddle
(£10 days) each recurvature date of the 72 TCs examined in this
study. This PV climatology operates on a meridional average from
40° to 70°N and maintains the full range of geographic longitudes
(from —180° to 179°E). The wavelet climatology acts on a
synoptic-scale wavelength average (20°-60°) but also spans the
same range of geographic longitudes. Both climatologies are cal-
culated according to the month of each forecast verification time,
which is subsequently interpolated linearly to a daily value. The
ensemble standard deviation of PV (or wavelet power) for each
case is normalized by the daily climatology using the following
calculation, which is analogous to a z-score:

o(i,f. 1) _Uclimo(v’f’ 1)
o, whD

normalized_o =

)

where o is the ensemble standard deviation of PV (or wavelet
power) for an individual forecast cycle at initialization time i,
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lead time f, and natural longitude /. Here, ogimo denotes the
average climatological forecast standard deviation of PV (or
wavelet power) at the verification time v (where v = i + f), lead
time f, and natural longitude /, and o, is the standard de-
viation of the climatological forecast standard deviation of PV
(or wavelet power) at the given verification time v, lead time f,
and natural longitude /. After these pseudo z-scores are cal-
culated to normalize the ensemble standard deviations of PV
across the Atlantic basin, the natural longitude values / and
initialization times i are then shifted to recurvature relative
coordinates to illuminate systematic downstream and post-
recurvature trends in the ensemble standard deviation across
the full set of TCs. The ¢ tests are executed using 2000 random
bootstrap replications to determine whether the normalized
standard deviation values are significantly different from the
climatology at the corresponding time and location at the 95%
confidence level.

3. Physical space results
a. Composites over all TCs

Forecasts centered in both time and longitude on the TC’s
recurvature demonstrate predictability patterns that are an-
chored in time and space to the TC recurvature event. Figure 3
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displays composites from the 72 Atlantic recurving TC cases of
normalized forecast ensemble standard deviation anomalies
throughout the recurvature time period as a function of fore-
cast lead time and recurvature relative longitude for several
different recurvature relative initialization times. As shown in
Figs. 3a—e, an area of standard deviation that is significantly
greater than climatology (lower-than-average predictability)
emerges approximately 12h before and 30° upstream of the
recurvature event and is forecast to propagate downstream
with time for several days beyond the recurvature time.
Though plots from previous initialization times are not shown
here, this above-average standard deviation anomaly and
its downstream propagation is consistent in verification time,
location, and magnitude back through initialization times of
T — 168h (168 h before recurvature). Notice that as the ini-
tialization times approach the recurvature time (7 + Oh), the
position of this positive standard deviation anomaly is anchored
to the recurvature verification time. This plume of enhanced
standard deviation is tied to the timing of the recurvature event
regardless of forecast lead times. The consistency of the positive
standard deviation anomaly’s magnitude demonstrates that
the standard deviation normalization technique described in
section 2d facilitates a fair comparison over the range of fore-
casts hours. These persistent magnitudes also imply that the
predictability of the PV distribution in the Atlantic basin and
downstream is not improved by merely initializing closer to re-
curvature time, which is consistent with the findings from Torn
and Hakim (2015), Aiyyer (2015), and Torn (2017). This finding
highlights the tie between the downstream uncertainty and the
recurvature event itself. In the three shown initialization times
before recurvature (Figs. 3a—c) as well as those extending back
to T — 168 (not shown), there is also evidence of below-average
ensemble standard deviation. The signal emerges approxi-
mately 48 h before and 20° upstream of recurvature and sub-
sequently extends downstream until reaching about 15° east of
the recurvature longitude at 12 h after recurvature. This cou-
plet of significantly above- and below-average standard devi-
ation of the ensemble PV forecasts near the recurvature
longitude appears to be related to the average longitudinal
locations of the nearest trough and ridge, respectively, at the
time of recurvature, which is consistent with the results from
Torn (2017) and investigated further in section 4. At an ini-
tialization time 12 h before recurvature (Fig. 3c), a second area
of decreased predictability (increased standard deviation)
emerges 30° downstream from the recurvature longitude, be-
ginning at the recurvature verification time and subsequently
propagates downstream aligned with a second trough axis. The
magnitude of this second positive anomaly is comparable to the
previously mentioned positive anomaly originating upstream
before recurvature. The anomalies are consistent through ini-
tialization times up to 7' + 48h (Figs. 3c—e), after which their
magnitudes decrease (Fig. 3f).

These results align well with those presented for the Atlantic
basin by Torn (2017) who used a similar method to normalize
the standard deviation of 500-hPa heights as a proxy for pre-
dictability. Both studies found areas with alternating signs of
above- and below-average ensemble standard deviations be-
ginning near the time and longitude of recurvature, regardless
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of the initialization time, which propagate downstream aligned
with a Rossby wave pattern. While the magnitudes of the sig-
nals are comparable between the studies, differences are seen
in the breadth of the signals, especially as they propagate
downstream. The areas of decreased predictability in this study
propagate downstream while maintaining a fairly constant
longitudinal width, whereas the areas of decreased predict-
ability in the Torn (2017) analysis expand in longitudinal ex-
tent. The lack of expansion on the edges of this area of
decreased predictability may imply a nondispersive error-
wavepacket, although a formal diagnosis has not been exe-
cuted by this study.

b. Composites over subsets based on TC characteristics

While statistical significance was identified in the composite
analysis of the complete set of TCs considered in this study, it is
not expected that all TCs interact with the extratropical flow in
the same way. This section will present composites of events
that were subgrouped according to various characteristics of
the TC and the large-scale flow. The subgroups are based on
the highest and lowest terciles of the TC’s minimum central
pressure (Fig. 4a), maximum sustained wind speed (Fig. 4b),
size of the average 34-kt wind radii (Fig. 4c), latitude (Fig. 4d),
and day of year (Fig. 4e) at the time of recurvature, as calcu-
lated from the HURDAT reanalysis. Terciles are used in this
study as opposed to quartiles to increase the sample size of the
subsets while still focusing on cases that are well above or be-
low the average. Additional subgroups are created on the basis
of positive and negative Rossby wave relative location at the
time of recurvature (Fig. 5c) and positive and negative average
Rossby wave relative speed over the 72 h following recurvature
(Fig. 6¢), which are both calculated from the control forecasts
of the large-scale flow and have been cited by previous studies
to potentially impact the downstream flow (Harr and Elsberry
2000; Agusti-Panareda et al. 2004; Riemer and Jones 2010;
Grams et al. 2013a; Keller et al. 2014; Quinting and Jones 2016;
Brannan and Chagnon 2020). This section will compare the
normalized ensemble standard deviation of PV through dif-
ferences in the composites between the upper tercile (or pos-
itive subgroup) and the lower tercile (or negative subgroup).
The null hypothesis is that there is no difference in the pre-
dictability (i.e., the ensemble standard deviation) of the PV
distribution between the upper and lower (or positive and
negative) subsets for each characteristic plotted in Figs. 4, 5Sc,
and 6¢. The null hypothesis is rejected for a given characteristic
at a specific time and location if the difference between the
composite standard deviations of the subsets is not contained
by the 95% confidence interval created from 2000 bootstrap
replicates. Note that each subplot of Figs. 4, Sc, and 6c¢ displays
the subgroup differences in the normalized ensemble standard
deviation for the forecast cycle that is initialized 24 h before
recurvature. These trends, though, are persistent through many
initialization times especially before recurvature, therefore this
forecast cycle can be considered representative of any forecast
cycle initialized prior to recurvature.

The subsets created strictly based on TC characteristics at
the time of recurvature (Figs. 4a—e) exhibit comparatively
smaller areas of significant predictability differences between
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FIG. 4. Color shading illustrates the difference in the normalized standard deviation anomalies of PV on the 320-K isentropic surface for

the forecast cycle initialized 24 h before recurvature, calculated by subtracting the lower-tercile composite from the upper-tercile com-
posite, which are determined from the TC’s (a) minimum central pressure, (b) maximum sustained wind speed, (c) average size,
(d) latitude, and (e) date at the point of recurvature. The thick vertical and horizontal lines denote the recurvature longitude and time, re-
spectively. Hatching indicates times/locations where anomalies are statistically significant from climatology at the 95% confidence level.

the high and low terciles. This is consistent with their lack of
influence on the downstream flow response shown in Brannan
and Chagnon (2020). The upper tercile of the TC’s recurvature
pressure encompassed 28 TCs with a minimum central pressure
greater than 1005 hPa, and the lower tercile consisted of 24

storms with pressures less than 991 hPa. As can be inferred
from the inverse relationship between a TC’s minimum central
pressure and its maximum sustained wind speed, similar sub-
sets were created for maximum sustained wind speed at the
time of recurvature—26 cases in the upper tercile with wind
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FIG. 5. The normalized standard deviation anomalies of PV (color shading) on the 320-K isentropic surface for the forecast cycle
initialized 24 h before recurvature for the (a) positive and (b) negative subgroups created from the value of each case’s Rossby wave
relative location. (c) The difference (color shading) between subgroups, calculated by subtracting the negative composite in (b) from the
positive composite in (a). The thick vertical and horizontal lines denote the recurvature longitude and time, respectively. Hatching
indicates times/locations where anomalies are statistically significant from climatology at the 95% confidence level.
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FIG. 6. As in Fig. 5, but for the subsets created from positive and negative Rossby wave relative speed.

speeds greater than 55 kt and 28 cases in the lower tercile with
wind speeds less than 35 kt. Figure 4a shows the differences in
the predictability for the upper and lower subsets created ac-
cording to minimum central pressure, which are essentially the
opposite signs but same trends as those present for the maxi-
mum wind speed subsets in Fig. 4b. The only notable, though
still small, differences in the predictability of the PV field for
the two subsets of these characteristics occur in the first 48h
following recurvature between 15° upstream and 5° downstream
of the recurvature longitude. Within this area, the stronger TCs
(lower central pressure or higher maximum wind subsets) are
associated with an ensemble standard deviation that is statisti-
cally greater than climatology with 95% confidence.

The influence of the size of TC at recurvature is investigated
in Fig. 4c where the upper tercile is created from the 18 largest
TCs with an average 34-kt wind radii greater than 127.6n mi
(I1n mi = 1.852km) and is compared with the lower-tercile
composite from the 18 smallest TCs with an average 34-kt wind
radii below 65n mi. While there are some areas of significant
differences between the standard deviations of these two
subsets downstream from recurvature, they are small in area
and longevity. The areas of alternating positive and negative
significant differences between 45° and 120° downstream over
the 96-144 forecast hours (72-120 h after recurvature) are re-
lated to standard deviation anomalies that zonally alternate
above and below the climatological average and are longitu-
dinally offset between the upper and lower terciles. This pat-
tern may be linked to differences between the terciles in their
average phasing with the large-scale ridges and troughs.

The latitude (Fig. 4d) and day (Fig. 4e) of recurvature are
selected as subgrouping characteristics based on the seasonal
dependence of the extratropical jet’s position and strength.
Seasonal shifts of the jet in combination with the range of re-
curvature latitudes create setups with closer and farther TC—jet
interactions, motivating this study to investigate any potential
influence of the jet’s seasonality on the downstream predict-
ability. The upper latitude composite is created from those TCs
that recurve northward of 30.8°N and the lower latitude com-
posite averages over cases with recurvatures southward of
26.6°N. The main differences between the predictability of
these subsets occur over three separate 36-h periods that begin
at forecast hour 108 (84 h after recurvature) and near the re-
curvature longitude, forecast hour 84 (60 h after recurvature)
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and 45° downstream, and forecast hour 54 (30h after re-
curvature) and 90° downstream. In each of these locations, the
cases with a more northward recurvature latitude have a sig-
nificantly larger ensemble standard deviation of PV relative to
the more southern recurvature cases. In fact, in each of these
areas, the ensemble standard deviation of the northward subset
is significantly greater than the climatological average, indi-
cating worse-than-average predictability, at the 95% confi-
dence level. Conversely, there very few areas of significant
predictability differences between the northern and southern
recurvature subsets aligned with the time of recurvature. The
subsets based on the recurvature day of year select those
storms recurving after 15 September as the upper-tercile cases
and those recurving before 18 August as the lower-tercile ca-
ses. There are small areas of significant differences between the
subgroups that allude to the later recurvature cases having
significantly greater standard deviations relative to the early
recurvature cases. These areas, however, coincide with areas in
which the early recurvature subgroup has better-than-average
predictability (a negative standard deviation anomaly) with
95% confidence. This could be linked to the summertime ex-
tratropical jet, which tends to be weaker and more zonal. There
are not any areas, however, that are positioned along the re-
curvature longitude or verification time.

c. Composites over subsets based on TC/Rossby wave
phasing

The Rossby wave relative location and speed are calculated
based on the positioning between the TC and ““trough of in-
terest,” which is the nearest trough to the TC at the time of
recurvature. The Rossby wave relative location (used as the
subgrouping metric for Fig. 5c) is calculated for each case at the
time of recurvature by subtracting the TC’s recurvature lon-
gitude from the longitude of the trough of interest. It is es-
sentially the zonal distance between the trough of interest and
the TC at the point of recurvature, which is illustrated by Fig. 8
of Brannan and Chagnon (2020). Here, the cases are grouped
based on positive and negative Rossby wave relative locations
that correspond to TCs recurving on the west or east side of the
nearest trough, respectively. Figure S5c shows several large
areas of significant differences in uncertainty between these
subsets. The standard deviation difference with the longest
duration begins 30° upstream and 24 h before recurvature and
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and full cross hatching respectively highlight the areas where the normalized standard deviation anomalies of PV on the 320-K isentropic
surface are statistically less than or greater than climatology at the 90% confidence level. The thick vertical and horizontal lines denote the

recurvature longitude and time, respectively.

propagates with time, reaching 30° downstream 144 h after
recurvature (corresponding to a forecast hour of 168 at the
plotted initialization time). As shown in Fig. 5b (Fig. 5a), this
area of significance is tied to an area of significantly above
(below) average standard deviation in the negative (positive)
Rossby wave relative location subset, which would also cor-
respond to the location of an upstream trough (ridge) by the
definition of this characteristic. Similarly, the other large areas
with significantly negative differences occur from —50° to —20°
upstream and about 60°-90° downstream, which, again, are
collocated with areas of above (below) average standard de-
viation in the negative (positive) Rossby wave relative location
subset. Alternatively, the areas of significantly positive differ-
ences in Fig. 5c that begin near the time of recurvature
from —45° to —30° upstream and from 15° to 30° downstream
can be attributed to the areas with significantly larger (smaller)
ensemble standard deviations relative to climatology in the
positive (negative) Rossby wave relative location subset, ap-
parent by the colored contours representing the standard de-
viation anomalies in Figs. 5a and 5b. These alternating areas
of significantly above- and below-average standard deviations
in each subset individually appear to be anchored to the time of
recurvature as well as the phase of the propagating Rossby
wave, which will become more clear in the discussion of Fig. 7.

The final subsetting characteristic is the Rossby wave rela-
tive speed, plotted in Fig. 6. This metric is computed by sub-
tracting the zonal displacement of the TC in the 72 h following
recurvature from the zonal displacement of the trough of in-
terest during the same time period. A positive Rossby wave
relative speed describes the cases in which the trough moves
farther eastward, (i.e., zonally faster) relative to the TC, and a
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negative Rossby wave relative speed groups the cases with TCs
that traverse greater eastward distances than their nearest
troughs. The differences in ensemble standard deviation be-
tween these subgroups are mainly contained by three areas.
The largest difference by area is approximately centered along
the recurvature longitude and extends from forecast hour 48
(24 h after recurvature) through forecast hour 168 (144 h after
recurvature). Appearing as a significantly negative anomaly in
Fig. 6¢, the positive Rossby wave relative speed cases experi-
ence significantly better predictability (less ensemble standard
deviation) in this area relative to the cases with negative
Rossby wave relative speeds. While some of this area corre-
sponds to an ensemble standard deviation significantly less
than climatology in the positive Rossby wave relative speed
cases (Fig. 6a), nearly this entire area is characterized by an
ensemble standard deviation significantly greater than clima-
tology in the negative Rossby wave relative speed cases
(Fig. 6b). The position of elevated uncertainty within the
negative Rossby wave relative speed cases could be physically
explained by a trough whose zonal propagation lags behind the
TC, potentially yielding greater variance among ensemble
members close to the recurvature longitude in the days fol-
lowing recurvature. It is important to note that this subset does
not necessarily imply that the troughs of interest in these
negative Rossby wave cases are slower than average; it may
also characterize cases where the TC propagates faster than
average, or some combination of both. The tercile comparison
of standard deviation differences was also executed separately
for the zonal speed of the TC and of the trough in the 72 h after
recurvature; however, the resulting composites were incredibly
similar to their respective categories of Rossby wave relative
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FIG. 8. As in Fig. 7, but for the subsets created from positive and negative Rossby wave relative speed.

speeds, and are therefore omitted here. As depicted by Fig. 6c,
there is also an area of significantly positive difference between
the predictability of the positive and negative Rossby wave
relative speed subsets that is situated between 40° and 60°
downstream beginning at forecast hour 96 (72h after re-
curvature), signifying an area where the positive Rossby wave
relative speed cases have significantly more uncertainty in their
PV forecasts than those cases with negative Rossby wave rel-
ative speed. The roots of this difference are traced to the same
areain Figs. 6a and 6b where the negative Rossby wave relative
speed cases exhibit predictability significantly better than cli-
matology whereas the positive Rossby wave relative speed
cases show significantly decreased predictability relative to
climatology. Again, these trends may be related to the trough
location/propagation and the intrinsic uncertainty associated
with them. In the positive Rossby wave relative speed subset,
the trough of interest travels faster downstream than the TC,
which could be contributing to the above-average standard
deviation anomaly nearly 60° downstream.

The differences between the subsets of the phasing charac-
teristics shown in Figs. 6¢c and Sc are not only significant, but
they are also larger in area and longer-lived trends than seen
from the subset differences based solely on TC characteristics
(Figs. 4a—¢). Therefore, the predictability differences based on
these two characteristics will be the focus of the remainder of
this study.

The pattern and evolution of standard deviation exhibits a
strong relationship to the recurvature time and location, as
demonstrated in Figs. 7 and 8. In fact, this relationship exists
regardless of the specific forecast lead time when recurvature
takes place. To highlight this relationship, the remaining fig-
ures are composited in the following way. Instead of compos-
iting according to the forecast hour, we composite according to
the recurvature relative verification time. In this approach, a
range of forecast lead times contribute to each recurvature
relative verification time in the composite. Unlike Figs. 4-6,
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which only present the forecast valid at the T — 24 initialization
time, the remaining figures display signals that are robust over
forecasts from initialization times 7" — 168 to T + 0. The
combination of each initialization time and each forecast hour
allows the forecasts from every forecast cycle to be shifted and
aligned according to their verification time. Once aligned by
their verification times, averages are taken over each forecast
cycle to result in a distribution of ensemble standard deviation
(including areas of significant differences from climatology)
and ensemble averaged PV as a function of recurvature rela-
tive verification time and longitude. This technique reliably
synthesizes the forecasts from the individual initialization
times to produce a field displaying standard deviation and PV
signals that are common to the range of forecast cycles and
highlight the trends linked to TC recurvature. Note that the
confidence interval was slightly lowered for these plots relative
to that in Figs. 4, Sc, and 6c¢ to account for the expectation that
averaging over various forecast cycles could reduce the mag-
nitude of some standard deviation anomalies.

Given the relationship between the areas of signifi-
cantly anomalous standard deviations and the hypothesized
trough/ridge locations based on the defining characteristics of
Rossby wave relative location and speed, Figs. 7 and 8 display
the areas of significantly enhanced or diminished ensemble
standard deviations alongside the ensemble averaged PV. The
connection between predictability and the trough and ridge
locations for the Rossby wave relative location subsets is
demonstrated in Fig. 7. The positive Rossby wave relative
speed subset (Fig. 7a) is characterized by an upstream ridge at
the time of recurvature, shown by the area of low PV that lies in
the largest area of lower-than-average standard deviation, both
of which propagate together downstream. The other ridges
present in this subset (from —60° to —30° upstream and from
60° to 90° downstream) also show signs of predictability that is
statistically better than climatology. The one area of signifi-
cantly greater ensemble standard deviation is small and occurs
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in the 36 h after recurvature, approximately 30° downstream.
This downstream area of heightened uncertainty appears to be
linked to the changing magnitude of the downstream trough.
Similar trends are exemplified by the negative Rossby wave
relative speed subset (Fig. 7b). The trough of interest in the
negative Rossby wave relative speed subset is located up-
stream from the recurvature longitude as illustrated by the area
of elevated PV. This upstream trough is also collocated with
the largest area of the significantly greater-than-average en-
semble standard deviation, indicating the greatest uncertainty
is tied to the upstream trough, which subsequently propagates
downstream, carrying the decreased predictability with it. Both
areas of significantly better predictability at the time of re-
curvature (from —45° to —30° upstream and from 0° to 30°
downstream) are aligned along ridge axes. The final area of
significance is not as clearly tied to a trough or ridge axis. It
indicates significantly greater-than-average standard deviation
48-96 h after recurvature, approximately 60° downstream. This
area may be tied to uncertainty in a weakening downstream
trough as it is situated at a location corresponding to a dimin-
ishing positive PV anomaly.

This subset was specifically created based on the phase of the
Rossby waves at the time of recurvature, which would naturally
better align the position of troughs and ridges between cases
and could contribute to the enhanced significance displayed for
this subset. A question that remains is to what extent is the
predictability associated with uncertainty in the location of
troughs and ridges versus the amplitude? To investigate this
question, we investigate the TC’s affect on the predictability of
Rossby wave amplitude, which is reported in section 4.

The same averaging technique employed in producing Fig. 7
is executed for the Rossby wave relative speed subsets shown
in Fig. 8. As expected, due to more trough/ridge position var-
iance within these subsets, there are fewer areas of predict-
ability that are significantly different from climatology.
Nevertheless, the predictability trends are, in fact, quite
different between the subsets. With that being said, the
distributions of average PV between these subsets is roughly
similar—a trough axis along the recurvature longitude, another
trough between 0° and 60° downstream, and a ridge between
60° and 120° downstream. The magnitudes of the troughs and
ridges in combination with the standard deviation anomalies
for the positive Rossby wave relative speed composite (Fig. 8a)
are smaller than those for the negative subset (Fig. 8b). A
potential explanation for this difference is the larger sample
size for the positive Rossby wave relative speed subgroup (N =
48) than for the negative subgroup (N = 24). Consistent with
Fig. 6, averaging over the range of initialization times does not
dismiss the area of significantly reduced standard deviation
centered along the recurvature longitude, 72-108 h after re-
curvature. In this case though, the better-than-average pre-
dictability is also collocated with a trough position, which is a
different association than seen so far. The area of increased
uncertainty located 60° downstream, roughly 72-120h after
recurvature, is not perfectly aligned with a trough axis, as
previously hypothesized, which may also be the result of a
reduction in the magnitude of PV maxima from averaging
over a large subset of storms. This reduction of predictability,
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though, may be still be related to uncertainty in the position of
the trough of interest or its changing magnitude.

In the negative Rossby wave relative speed composite
(Fig. 8b), there is an area of significantly elevated standard
deviation beginning near the recurvature longitude 36 h after
recurvature, which propagates downstream through 144 h after
recurvature. This anomaly is aligned with the trough axis that
begins upstream at the time of recurvature; however, it appears
to be related to uncertainty in the simulated amplitude changes
as the trough begins to diminish. The area of reduced standard
deviation 60°-90° downstream between 12 and 60 h following
recurvature lies well within the large downstream ridge. The
entire ridge, though, is not characterized by significantly better
predictability, therefore this area too may be related to dis-
crepancies between ensemble members in simulating ampli-
tude changes to the downstream ridge following recurvature.

To differentiate between the predictability related to
Rossby wave position versus amplitude, the following
section will investigate the large-scale uncertainty follow-
ing TC recurvature events within spectral space to em-
phasize amplitude uncertainties.

4. Spectral space results

This section explores the large-scale uncertainty associated
with Atlantic recurvature events by analyzing the standard
deviation of the total power derived from wavelet decompo-
sitions of the Rossby wave metric from each ensemble mem-
ber. The total power isolates the amplitude of the Rossby wave
train and is not sensitive to the precise location of ridge and
trough axes. By evaluating the uncertainty in forecasts of total
power, we are thus able to evaluate whether TC recurvature
affects the predictability of the Rossby wave amplitude. The
normalization method described in section 2d and employed
throughout section 3 to normalize the standard deviations
across all seasons, forecast hours, and locations is utilized again
here, but using climatological values based on wavelet standard
deviation averages. The wavelet power as well as the locations
and times where the standard deviation is significantly differ-
ent from climatology is plotted in Figs. 9 and 10 according to
the Rossby wave relative location and speed subgroups, re-
spectively. To emphasize the persistent signals across forecast
cycles initialized between 7 — 168 and T + 0, the same aver-
aging technique used in Figs. 7 and 8 is used in Figs. 9 and 10 to
illustrate trends as a function of recurvature relative verifica-
tion time and longitude.

a. Rossby wave relative location

There are stark differences in the predictability of Rossby
wave amplitude following recurvature events with positive
(Fig. 9a) and negative (Fig. 9b) Rossby wave relative locations.
Though the positive Rossby wave relative location subset’s
downstream response appears to be weaker than that of the
negative subset, the two separate composites have somewhat
similar trends in downstream power, which is not surprising
given that this characteristic was insignificant in differentiating
between downstream responses in Brannan and Chagnon
(2020). Despite the similarity in power, there are significant
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FI1G. 9. Total power (color shading), significant standard deviation anomalies (hatching), trough power maxima (solid gray contours),
and ridge power maxima (dashed gray contours) calculated from an average of all forecast cycles spanning from 168 h before recurvature
to the time of recurvature, aligned according to verification time, for subsets of TCs with a (a) positive or (b) negative Rossby wave relative
location at the time of recurvature. Horizontal hatching and full cross hatching respectively highlight the areas where the normalized
standard deviation anomalies of total power are statistically less than or greater than climatology at the 90% confidence level. The gray
lines contour the areas of trough (solid) and ridge (dashed) power above 2.5 PVU?. The thick vertical and horizontal lines denote the
recurvature longitude and time, respectively.

differences in the predictability trends between these subsets. 7 + 36. The large-scale response to recurvature is weaker
The positive Rossby wave relative location subset (Fig. 9a), in  overall for this subset relative to that of the negative Rossby
fact, shows several areas of below-average wavelet standard wave relative location subset. This difference is expected
deviations, corresponding to increased predictability. These since a positive Rossby wave relative location case implies
areas of significantly better-than-average predictability are that a TC is positioned to the west of the nearest upper-level
aligned with changes to the local minima in total power, situ-  trough, which is typically correlated with a weaker interac-
ated from —30° to 30° and centered in time at 24 h after re- tion between the TC and the extratropical flow. Results from
curvature as well as from 0° to 120° downstream from 77— 72to  Fig. 9a indicate that these Rossby wave amplitudes are also

b) Negative Rossby Wave Relative Speed
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FIG. 10. As in Fig. 9, but for the subsets created from positive and negative Rossby wave relative speed.
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statistically equivalent to or better than the climatological av-
erage of ensemble standard deviation.

The negative Rossby wave relative location subset (Fig. 9b)
is characterized by a plume of significantly increased wavelet
standard deviation that emerges near 15° upstream and 24 h
after recurvature and propagates rather quickly downstream,
reaching 60° downstream by 72h after recurvature. Though
this uncertainty arises at a longitude and time aligned with the
trough axis connected to the upstream trough at the time of
recurvature, the plume of decreased predictability propagates
downstream faster than the trough. The uncertainty in the
wavelet power is more clearly tied to magnitude changes of the
total wavelet power—specifically, the decrease in power that
occurs over the 60° downstream of recurvature in the 48-96h
after recurvature. The increases in power near the time of
recurvature over the same downstream region do not yield
predictability trends that are significantly different from cli-
matology (and neither do the increases or decreases in power
associated with the downstream power maxima centered in
time at about 48 h before recurvature). The downstream in-
crease in power that is initiated near the time and longitude of
recurvature along with its associated area of decreased pre-
dictability is likely tied to this subset’s synoptic setup in which a
TC positioned just eastward of an upper-level trough at the
time of recurvature facilitates a strong TC—trough interaction
by baroclinic processes. The amplitudes of the Rossby waves
resulting from these baroclinic growth processes appear to be
less predictable than the climatological average based on their
ensemble standard deviations, which is a result consistent with
those from an analysis of the western North Pacific by Quinting
and Jones (2016).

b. Rossby wave relative speed

Consistent with the results of Brannan and Chagnon (2020),
which used a larger set of TCs from a different reanalysis
dataset, the downstream Rossby wave response following re-
curvature is much different between the positive and negative
Rossby wave relative speed subsets as shown by the colored
contours of total wavelet power composites in Fig. 10. The
positive Rossby wave relative speed cases (Fig. 10a) are char-
acterized by an increase in 0°-120° downstream Rossby wave
power (for both troughs and ridges) that peaks at 60 h after
recurvature. This increase in power, though, is not associated
with trends in predictability that are significantly different than
climatology. Therefore, the process regulating amplification is
relatively predictable and not likely related to an instability.
The negative Rossby wave relative speed cases (Fig. 10b) ex-
hibit an increase in wavelet power centered on the recurvature
longitude and peaking about 48 h after recurvature, while there
is a simultaneous decrease in wavelet power 60°-120° down-
stream that arises near the recurvature time. The increase in
power along the recurvature longitude is collocated with an
area of significantly greater ensemble standard deviation rel-
ative to climatology (reduced predictability) and is also aligned
with a trough axis that is just upstream of the TC at re-
curvature. Therefore, the increased ensemble spread in total
power at synoptic-scale wavelengths is linked to Rossby wave
amplification following recurvature, which may be attributed
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to baroclinic processes. Conversely, the downstream power
minima following recurvature is associated with a significantly
less-than-average ensemble standard deviation and is most
likely governed by barotropic processes, which is further dis-
cussed in section 5.

5. Summary and discussion

Recurving tropical cyclones are known to interact with the
extratropical jet and affect the synoptic-scale flow downstream
(Harr and Dea 2009; Grams et al. 2011; Archambault et al.
2013, 2015; Grams and Archambault 2016; Pohorsky et al.
2019; Brannan and Chagnon 2020). Given this ability of TCs to
disturb the synoptic-scale extratropical flow, a natural question
to ask is whether the predictability is also modified? The focus
of the analysis presented in this paper was to determine if and
how the predictability of the synoptic-scale extratropical
flow is disturbed by recurving TCs in the Atlantic basin. A
similar analysis has been conducted by Torn (2017) in which
it was demonstrated that the uncertainty in ensemble-based
forecasts is indeed enhanced when transition occurs up-
stream of a large amplitude ridge. Torn (2017) also showed
that the forecast uncertainty was unaffected by the presence
of an upstream trough or by uncertainty in the initial posi-
tion of the TC, among other factors. This paper is distin-
guished from and elaborates on Torn (2017) in several ways.
First, whereas Torn (2017) analyzed the predictability of
500-hPa heights, this paper analyzes a Rossby wave metric
based on isentropic PV. The justification for analyzing is-
entropic PV is that it is a natural field for tracking the
dynamics of Rossby waves. While a TC does introduce
perturbations to isentropic PV, the evolution of isentropic
PV near the extratropical jet is dominated by Rossby waves.
As such, the analysis in this paper is focused on the pre-
dictability of Rossby waves that dominate the propagation
of downstream effects. Second, following Brannan and
Chagnon (2020), this paper evaluates the influence of the
relative propagation speed of Rossby waves and TCs in
regulating the predictability. This paper also evaluates the
predictability in both physical space and in spectral space.
Using wavelet transforms, the analysis of the spectral pre-
dictability permits the distinction between predictability of
the phase (i.e., locations of troughs and ridges) and the
predictability of Rossby wave amplitude. The primary
findings from this analysis are summarized as follows:

¢ Predictability is degraded when recurvature occurs down-
stream of a trough (e.g., see Figs. 7b and 9b). The associated
increase in ensemble spread is largest in the upstream trough
itself, which subsequently communicates the degraded pre-
dictability downstream. Conversely, predictability is enhanced
(i.e., the ensemble spread is reduced) when recurvature
takes place downstream of a ridge (e.g., see Figs. 7a and
9a). This result opposes that from Torn (2017) who found
no significant difference in the downstream ensemble
spread between Atlantic recurvature cases with and without
an upstream trough.

e Predictability is degraded when the Rossby wave train
propagates more slowly than the recurving TC (e.g., see
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Fig. 8b). The resulting increase in ensemble spread is largest
and persists near the longitude of recurvature.

¢ The modification of ensemble spread is anchored in time and
space to the recurvature of the TC. In other words, the
pattern of modification depends much less on the forecast
lead time than it does on the instance of recurvature.

e TC recurvature is associated with a statistically significant
increase in the uncertainty of Rossby wave amplitude. This
increase is most pronounced when recurvature occurs down-
stream of a trough (Fig. 9b) or when the TC propagates faster
than the Rossby wave pattern (Fig. 10b).

e The uncertainty in Rossby wave amplitude is distinct from
that associated with the phase, the latter of which is affected
by the location of ridges and troughs. This difference is most
evident when comparing Figs. 7b and 9b. The uncertainty in
amplitude (Fig. 9b) spans the entire wave train from east to
west, encompassing the upstream trough, the downstream
ridge, and a downstream trough.

The characteristics of the predictability differ from those of
the dynamical Rossby wave response as presented in Brannan
and Chagnon (2020). Most notably, Brannan and Chagnon
(2020) showed that the resulting extratropical flow response is
most strongly linked to the relative speeds of the TC and the
Rossby wave train in the 72h after recurvature. Though this
study utilizes an alternative PV dataset and contains fewer
TCs, the respective trends between the Rossby wave relative
speed and the downstream, postrecurvature wave amplitude
remain consistent with Brannan and Chagnon (2020). The
most common TC-Rossby wave configuration involves a
Rossby wave that travels faster downstream than the TC (i.e., a
positive Rossby wave relative speed), which is shown by
Brannan and Chagnon (2020) and Fig. 10a to yield a statisti-
cally significant increase in the synoptic-scale Rossby wave
amplitude downstream from and after the time of recurvature.
Conversely, when a TC moves faster than the Rossby wave
train (i.e., for negative Rossby wave relative speeds; Fig. 10b),
there is an initial suppression of downstream wave amplitude
(apparent at longitudes greater than 60°) for several days fol-
lowing recurvature before the amplitude returns to climato-
logical values. Though positive/negative Rossby wave relative
speeds yield distinct differences in their downstream trends in
Rossby wave amplitude, this study reveals that neither down-
stream response is subject to increased ensemble spread and
uncertainty (e.g., see Fig. 10). Furthermore, Brannan and
Chagnon (2020) demonstrated only a weak connection be-
tween Rossby wave amplification and the location of the
nearest trough at the recurvature time. In stark contrast, this
paper has shown that the uncertainty is most enhanced when a
trough exists upstream at the time of recurvature (e.g., see
Fig. 9b). This apparent contradiction is discussed in the fol-
lowing paragraph.

We hypothesize that the ensemble spread and uncertainty
are largest when and where baroclinic processes are most ac-
tive. On the other hand, Rossby wave amplitude changes that
are driven by barotropic processes are not accompanied by a
significant loss of predictability. With regard to TC-Rossby
wave interactions, baroclinic processes are most active during
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the time of extratropical transition. The extratropical transi-
tion occurs most vigorously when the upper-level Rossby wave
pattern is optimally phased with the TC (i.e., when a trough is
located upstream). This is precisely the time, location, and
configuration that results in the largest forecast uncertainty as
demonstrated in this paper. This uncertainty may then be
communicated downstream and may affect Rossby wave am-
plitude across a wave pattern spanning the basin (e.g., see
Fig. 9b). In contrast, barotropic interaction effects are not as-
sociated with increased uncertainty. For example, Brannan
and Chagnon (2020) hypothesized that the large changes in
wave amplitude downstream of a fast moving TC (i.e., negative
Rossby wave relative speed) were due to the barotropic in-
teraction between the Rossby wave and the TC vortex (i.e., the
TC vortex acts as a surrogate for an edge wave, and the tilt of
the combined TC-Rossby wave pattern with the shear would
imply destructive interference). This barotropic process is
more predictable (see Fig. 10b) than the baroclinic processes
characteristic of extratropical transition, despite similar
changes in Rossby wave amplitude between the two referenced
areas. The two referenced areas include 1) the colored con-
tours in Fig. 10b that show increasing power with time (orange
contours near recurvature) overlaid with above-average stan-
dard deviations and 2) decreasing power with time (white
contours 90° downstream from recurvature) overlaid with
below-average standard deviations. The magnitude of the
changes in power for these two areas are similar. While con-
sistent with the evidence presented in this paper, a complete
test of this hypothesis is beyond the scope of the present
climatological study.

The composite analysis of forecast predictability presented
in this paper required the specification of 1) the time at which
interaction between the TC and Rossby waves begins, and 2) a
field that best serves as a proxy for identifying the Rossby wave
response. Neither of these two concepts can be embodied by a
single, precise, one-size-fits-all metric that is appropriate for all
events included in our analysis. We have used the recurvature
time and PV on the 320-K isentropic surface. As noted in
section 2a, whether normalizing by the time of recurvature,
extratropical transition, or maximum interaction as deter-
mined by the upper-level PV advection by the irrotational
wind, it is expected that these times fall within 36 h of each
other. Although we cannot confidently detect significant
changes on time scales shorter than this time period, this study
focuses on trends that persist on time scales approaching
1 week for which significance was demonstrated. Nevertheless,
it is likely that these modifications to predictability have their
origin in processes whose time scale is indeed shorter (e.g.,
baroclinic growth during transition and the related growth of
error). Future investigations that focus on these shorter-time-
scale processes should carefully consider what is the most ap-
propriate means of standardizing the time at which interaction
begins. Concerning the use of PV on the 320-K isentropic
surface, we acknowledge that this level is typically found at
elevations well below the tropopause at latitudes that are
equatorward of the extratropical jet. However, our analysis
focuses on Rossby waves on the extratropical jet. The 320-K
surface reliably intersects the tropopause at a latitude near the
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extratropical jet. Nevertheless, several questions remain
unanswered. How deeply do the signals diagnosed in this
paper extend above the 320-K surface? How much of the
signal we observe at the 320-K isentropic level is contrib-
uted by Rossby wave breaking events, cutoff lows, and PV
streamers? These questions have begun to be investigated in
the context of case studies (i.e., Baumgart and Riemer 2019)
but should be further interrogated from a climatological
standpoint in future work.

Although not addressed directly in this study, diabatic pro-
cesses may play a significant role in regulating the interaction
between TCs and the extratropical jet. PV is modified by dia-
batic processes such as latent heating and radiative cooling in
TCs. The diabatically modified PV may be transported by the
irrotational wind away from the TC and toward the extra-
tropical jet. Grams et al. (2011) demonstrated that such pro-
cesses played a key role in modifying the upper-level Rossby
waveguide in an event that led to downstream Rossby wave
breaking. Diabatic processes may also play an important role
in intensifying the irrotational outflow from TCs. Hitchman
and Rowe (2019) argued that mesoscale outflow jets in TCs are
of diabatic origin, forming as a result of the horizontal PV di-
pole mechanism described by Chagnon and Gray (2009).
Given that diabatic tendencies are associated with small-scale
and/or parameterized processes that are subject to large uncer-
tainty, future work should address the potential role of diabatic
processes in governing the predictability of the TC-Rossby wave
interaction.

Future studies should also investigate whether the variabil-
ity in the position of the trough of interest, magnitude of the
trough of interest, or the forecast Rossby wave relative speed
impacts the downstream trends in ensemble standard devia-
tion. The analysis in this study focused on the effects of
recurving Atlantic TCs on the ensemble forecasts of down-
stream Rossby waves; however, an equally important aspect of
predictability that should be evaluated in a future study con-
cerns the error (i.e., the bias) of the ensemble mean in its
forecasts of downstream Rossby waves. An investigation into
forecast error would also benefit from analyses in both physical
and spectral space in order to differentiate between phase and
amplitude errors.

Estimating the uncertainty inherent to a forecast is of im-
mense value to forecasters and stakeholders alike. Great
strides have been made in the design of operational ensemble
weather predictions systems that can deliver this information.
Nevertheless, the physical and dynamical factors that govern
the uncertainty of a particular forecast remains an active area
of research. Forecasts of TCs are themselves subject to a large
degree of uncertainty due to the complexity, instability, and
nonlinear nature of their genesis and evolution. Rossby waves,
on the other hand, are subject to less uncertainty due to their
synoptic-scale nature. When TCs interact with a preexisting
Rossby wave train, how does the uncertainty of the TC affect
that of the Rossby wave pattern? This study has provided ev-
idence that the Rossby wave pattern is affected to varying
degrees depending on the precise nature of the interaction,
with baroclinically dominated interactions being the most
likely means of enhancing the uncertainty.
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