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ABSTRACT

Tropical cyclone (TC) landfalls over the U.S. mid-Atlantic region, which include the so-called Sandy-like,
or westward-curving, tracks, are among the most infrequent landfalls along the U.S. East Coast. However,
when these events do occur, the resulting economic and societal consequences can be devastating. A recent
example is Hurricane Sandy in 2012. Multimodel ensemble seasonal hindcasts conducted with a high-
atmospheric-resolution coupled prediction system based on the ECMWF operational model (Project
Minerva) are used here to compile the statistics of these rare events. Minerva hindcasts are found to exhibit
skill in reproducing climatological characteristics of the mid-Atlantic TC landfalls particularly at the
highest atmospheric horizontal spectral resolution of T1279 (16-km grid spacing). Historical forecasts are
further interrogated to identify regional and large-scale environmental conditions associated with these
rare TC tracks to better quantify their predictability on synoptic time scales, and their dependence on
model resolution. Evolution of the large-scale atmospheric flow patterns leading to mid-Atlantic TC
landfalls is analyzed using local finite-amplitude wave activity (LWA). We have identified large-amplitude
quasi-stationary features in the LWA and sea surface temperature (SST) anomaly distributions that persist
up to about a week leading to these land-falling events. A statistical model utilizing indices based on the
LWA and SST anomalies as predictors is developed that exhibits skill (mostly at T1279) in predicting mid-
Atlantic TC landfalls several days in advance. Implications of these results for longer time-scale predictions
of mid-Atlantic TC landfalls including climate change projections are discussed.

1. Introduction (specified here as the coastlines of Virginia, Chesapeake
Bay, Delmarva Peninsula, and New Jersey) include the
late recurving systems like Hurricanes Bertha (1996)
and Floyd (1999) and the so-called Sandy-like, or westward-
curving, tracks (see sections 2c and 2d and Fig. 1). These
TC landfalls are among the most infrequent landfalls
along the U.S. East Coast (e.g., Tolwinski-Ward 2015).
However, when these events do occur, the resulting eco-
nomic and societal consequences can be devastating. A
recent example is Hurricane Sandy in 2012, which is con-
sidered the fourth-costliest” cyclone to hit the United States
since 1900 (NHC 2018) with the greatest number of
U.S. TC-related direct fatalities in the northeast since
! We consider landfalls by storms that are classified as tropical 1972 (Blake et al. 2013). In addition, the rate of sea level
cyclones at some point in their life cycle and not necessarily at the .. . . .
time of landfall. rise in the region is among the highest along the U.S.
coasts [see Fig. 2 in Tebaldi et al. (2012)]. This factor
along with the projected increase in TC intensities and
the increase of coastal populations and infrastructure

Tropical cyclones (TC) are among the gravest natural
hazards causing large human and material losses in many
parts of the world. Over the recent period of record, more
than 60% of all economic losses from these events [about
$400 billion (U.S. dollars)] are due to North Atlantic TCs
(e.g., Woodruff et al. 2013). In fact, the distribution of the
damage and frequency of U.S. billion dollar weather and
climate disasters is dominated by TC losses (Smith and
Katz 2013). TC landfalls' over the mid-Atlantic region
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FIG. 1. Observed TC tracks (in 6-hourly segments) with landfalls in the mid-Atlantic during 1851-2016 identified
according to the definitions in sections 2c and 2d. Color along the track represents the values of the 10-min MSW
(see horizontal bar; scale is ms™1). Genesis locations are shown in black filled circles. Mid-Atlantic coastline is

shown in red in the inset.

would potentially lead to more damage from these land-
falling events in the future (e.g., Wu et al. 2002; Lin et al.
2012; Woodruff et al. 2013).

An empirical analysis of mid-Atlantic TC landfalls is
strongly limited by the fact that there are very few oc-
currences of these events in the observational record
(see section 2d). Most previous studies on the subject
have performed statistical-deterministic downscaling
(Emanuel et al. 2006; Emanuel et al. 2008) or statistical-
stochastic modeling (e.g., Hall and Jewson 2007) of the
North Atlantic TCs, with a focus on the occurrence rate
of Sandy-like tracks (Hall and Sobel 2013), the associ-
ated impacts (e.g., Reed et al. 2015; Lin et al. 2016) and
the climate sensitivity of geographic landfall rates (Hall
and Yonekura 2013). Climate change influences on large-
scale atmospheric and oceanic conditions accompanying
Sandy-like tracks have also drawn attention (e.g., Barnes
etal.2013; Lackmann 2015; Lau et al. 2016). In this study,
we have utilized multimodel ensemble seasonal forecasts
conducted with a high-atmospheric-resolution coupled
prediction system (EPS; Project Minerva; Zhu et al.
2015; Cash et al. 2017) to compile the statistics of mid-
Atlantic TC landfalls. State-of-the-art high-resolution
EPSs have been recently shown to achieve reasonable
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skill in predicting seasonal TC activity on the regional scales
(e.g., Vecchi et al. 2014; Camp et al. 2015; Manganello
et al. 2016). Here, we further demonstrate that Minerva
retrospective forecasts exhibit skill in reproducing basic
statistics and climatological characteristics of mid-
Atlantic TC landfalls particularly at the highest at-
mospheric horizontal spectral resolution of T1279
(16-km grid spacing).

Although dynamical ensemble forecasts may not
produce as many land-falling events as the downscaling
methods (mostly due to computational constraints) and
may be prone to model errors, they have one distinct
advantage that we capitalize upon. Since TCs are sim-
ulated explicitly in an EPS and evolve within a global
synoptic environment, regional and large-scale environ-
mental conditions associated with these rare TC landfalls
can be identified and in turn their predictability and its
limits, and the dependence on model resolution can be
quantified. In addition, downscaling methods may not
properly handle dynamical interactions with extratropical
systems (Emanuel et al. 2006), which often occur during
extratropical transition that many TCs at these high
latitudes undergo. In fact, the westward hook or bend
of a TC track during the extratropical transition is a
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characteristic feature of strong midlatitude trough
interaction (Fogarty and Blake, 2013). Downscaling
methods may also be less accurate in regions with
little historical data.

Furthermore, the evolution of the atmospheric flow
patterns leading to the mid-Atlantic TC landfalls is
analyzed here using local finite-amplitude wave ac-
tivity (LWA), which has been shown to be an effective
diagnostic of weather extremes at the regional scales,
and which captures the local wave amplification associ-
ated with the blocking episode during Hurricane Sandy
(Chen et al. 2015; Huang and Nakamura, 2016). We have
identified large-amplitude quasi-stationary features
in the LWA anomaly distribution that persist up to
roughly a week prior to these land-falling events. We
then introduce an index by averaging LWA anoma-
lies over the selected regions and several days prior to
landfall and develop a statistical model utilizing this
index as a predictor, which is further shown to exhibit
skill in predicting mid-Atlantic TC landfalls several days
in advance. The implications of these results on longer
time-scale predictions of these events including climate
change projections are discussed.

The manuscript is organized as follows. Section 2
describes numerical experiments, methodologies of
identifying and tracking TCs including mid-Atlantic TC
landfall definition, and observational data. Basic statis-
tics and climatological characteristics of land-falling TCs
are described in section 3. Predictability of mid-Atlantic
TC landfalls in Minerva is evaluated in section 4, and
a corresponding statistical model is developed and asse-
ssed in section 5. A summary of the results and concluding
remarks are given in section 6.

2. Data and methods
a. Numerical experiments

Ensemble seasonal hindcasts used here are performed
with the Minerva forecasting system, which is an ex-
perimental EPS based on the ECMWF System 4 [see
Manganello et al. (2016) for full details]. The ocean
component model is the Nucleus for European Model-
ing of the Ocean (NEMO; Madec 2008) version 3.0, with
the ORCA1 grid, which has a horizontal resolution of
about 1° (with equatorial refinement of 1/3°) and 42 levels
in the vertical. The atmospheric component model is the
ECMWEF Integrated Forecasting System (IFS; European
Centre for Medium-Range Weather Forecasts 2013),
cycle 38r1, which is a spectral, semi-implicit, semi-
Lagrangian hydrostatic model with 91 levels in the
vertical, and a model top in the mesosphere at 0.01 hPa.
The IFS is integrated at spectral T319, T639, and T1279
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TABLE 1. TC identification criteria.

Horizontal resolution
of the Minerva
forecasting system

T1279 T639 T319
15.4%  14.4%> 1343

1. Surface (10 m) wind speed threshold
(ms™ 1) (intensity threshold)

2. Difference in vorticity® between 850
and 250 hPa (a warm core condition)

3. Vorticity® max at each level (6 levels)
between 850 and 250 hPa (a coherent
vertical structure condition)

Larger than zero for
all resolutions

Applied to all
resolutions

4. Criteria 1-3 are achieved for four Applied to all
consecutive time steps (24 h) resolutions

5. Cyclogenesis (first identification) Applied to all
occurs between 0°~20°N over land resolutions

and 0°-30°N over oceans

#Observed “tropical storm” threshold for 10-min maximum sus-
tained wind (MSW) is used.

" Surface wind speed threshold is further adjusted for model res-
olution based on Fig. 2 in Walsh et al. (2007). Values derived from
a selection of Hurricane Research Division (HRD) wind analysis
are used.

¢ Vorticity is truncated at T319 (N160) common to all resolutions.

horizontal resolutions, corresponding approximately
to 62-, 31-, and 16-km grid spacing, respectively. These
experiments are in turn referred to as T319, T639, and
T1279 hereafter.

Minerva retrospective forecasts are initialized on
1 May during 1980-2013 (1980-2012 for T319), are of
7-month duration and consist of 15 ensemble members
for T1279 and T639 and 51 members for T319. This ef-
fectively represents 510 May-November (MJJTASON)
seasons for T1279 and T639, and 1683 seasons for T319.
Upper-air data are truncated at spectral T21 resolution
to remove the storm spatial scale (~1000km; see, e.g.,
Manganello et al. 2014). This data are available only for
T1279 and T319 (15 ensemble members).

b. Identification and tracking of tropical cyclones

Simulated storms are identified explicitly in the model
databased on the tracking algorithm of Hodges (1994,
1995, 1999). Vortices are detected as maxima (in the
Northern Hemisphere) in the 6-hourly relative vortic-
ity field averaged between 850- and 600-hPa levels, with
values greater than 5 X 10~ °s ™! (at a spectral resolution
of T63). To extract TCs from the raw tracks, a post-
tracking lifetime filter of 2 days and a set of TC iden-
tification criteria (see Table 1) are applied. The latter
include a 1) 10-m wind speed (intensity) threshold
equivalent to the observed tropical storm intensity ad-
justed for model resolution for T639 and T319, 2) warm
core condition, 3) coherent vertical structure condition,
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TABLE 2. Basic statistics of mid-Atlantic TC landfalls from observations (IBTrACS) and Minerva hindcasts. All results are for the
MIJJASON season.

IBTrACS T1279 (1980-2013;  T639 (1980-2013; T319 (1980-2012)
1851-2016 1900-2016% 15 ensembles) 15 ensembles) 15 ensembles 51 ensembles
(166 seasons) (117 seasons) (510 seasons) (510 seasons) (495 seasons) (1683 seasons)
Average rate (yr ') 0.12 0.10 0.10 0.09 0.09 0.09
Average return period (yr) 8 10 10 11 11 11
Probability of landfall® 11% 10% 9% 9% 9% 9%
Probability of landfall in 2% 66% 64% 61% 63% 61%

the next 10 seasons

# Starting 1900, the undercount bias in landfall counts along the coast of the U.S. is minimal (Landsea et al. 2004).
® Probability of landfall of one or more TCs based on the Poisson distribution. Differences between the model and observational values
are statistically insignificant (at 95% confidence limit) using a Z test based on a joint Poisson distribution (see Tartaglione et al. 2003).

4) duration requirement for the above where the criteria
1-3 need to be jointly attained for at least four con-
secutive time steps (24 h) at some point during the life
cycle of a storm, and 5) geographic extent of the cy-
clogenesis (first identification). As a result, model
storms tend to include both earlier (precursor) and
later (postextratropical transition) stages of a life
cycle than the observed storms. Further details on
the TC identification and tracking are provided in
Manganello et al. (2016) and can also be found in
Hodges et al. (2017).

c¢. Definition of mid-Atlantic tropical cyclone
landfalls

The Northeast region of the United States is overall
less vulnerable to direct strikes from TCs compared
to the other parts of the U.S. East Coast due to the
orientation of the coastline relative to the typical
paths of the storms. These paths in the western North
Atlantic are mostly northward and then northeastward
in midlatitudes. To emphasize this point, we define the
mid-Atlantic region as comprising the coastlines of
Virginia, Chesapeake Bay, Delmarva Peninsula, and
New Jersey (Long Island is therefore excluded as it is
oriented roughly perpendicular to the mean TC tracks
in the region and hence more vulnerable than the rest
of the coastline).

For the above reasons, most TC landfalls (sea-to-
land transitions) in the mid-Atlantic occur at a grazing
impact angle unless the tracks exhibit a westward hook
or bend, as is the case with Hurricane Sandy. In fact,
Hurricane Sandy’s near-perpendicular landfall on the
New Jersey coast is found to be extremely rare (Hall and
Sobel 2013). For generality, we also include in our anal-
ysis tracks that impact the Chesapeake Bay or Delmarva
Peninsula after initially crossing the North Carolina
coast. Due to the geographic orientation, most TCs that
enter the Chesapeake Bay do so by first skirting the
North Carolina coastline.

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 03/09/22 09:52 PM UTC

To summarize, a mid-Atlantic TC landfall is con-
sidered to take place when: 1) the mid-Atlantic coast-
line (as defined above) is intersected from the sea by
a TC track; or 2) the water-to-land transition occurring
along the Chesapeake Bay or Delmarva coastlines is
preceded by landfall in the North Carolina. These
events could be one of multiple landfalls in a TC life
cycle (i.e., we do not consider only the first landfalls).
If the same TC makes landfall in the mid-Atlantic as
described above more than once only the first occur-
rence is counted.

d. Observational data

To validate model results we use observed TC tra-
ck data from the International Best Track Archive
for Climate Stewardship (IBTrACS; version v03r07;
Knapp et al. 2010). This dataset contains TC positions,
the 1-min maximum sustained wind (MSW), and the
minimum surface pressure estimates for all North
Atlantic storms from 1851 to present. For closer cor-
respondence with model definition of MSW (see
Manganello et al. 2016), we convert the 1-min MSW to
the 10-min average using a conversion coefficient of
0.88 (see Knapp et al. 2010).

Observed mid-Atlantic TC landfalls are then iden-
tified using geographic definition in section 2c and, for
the direct comparison with model-simulated tracks,
by applying lifetime filter of 2 days and the TC identi-
fication criteria 1, 4, and 5 in Table 1 (see section 2b).
To summarize, the observed TC tracks with landfall
in the mid-Atlantic considered in this study occur
during the May-November (MJJASON) season, orig-
inate south of 30°N, last 2 days or longer and jointly
maintain tropical storm equivalent intensity or higher
and “tropical in nature” assignment® for at least 24 h.

3 We refer to the “TS” coding used in IBTrACS to report the
storm nature or type.
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During 1851-2016, only twenty such land-falling events
took place (see Fig. 1) with only five during the recent
observational period of 1980-2016. These recent TCs
are Tropical Storm Dean (1983), Hurricane Bertha
(1996), Hurricane Floyd (1999), Hurricane Irene (2011),
and Hurricane Sandy (2012). (The corresponding TC
tracks simulated in Minerva hindcasts at T1279 and
T319 are shown in Figs. S1 and S2, respectively, in the
online supplemental material.) We recognize that the
operational storm classification is primarily based on
the interpretation of satellite observations using em-
pirical methods such as the Dvorak scheme and the
Herbert and Poteat technique (Velden et al. 2006),
which differs from applying the TC identification cri-
teria in section 2b. Nevertheless, several studies (e.g.,
Strachan et al. 2013; Murakami 2014; Hodges et al.
2017) have shown that nearly all TCs present in
IBTrACS can be successfully identified in different
reanalysis datasets by applying similar detection cri-
teria as used here.

For observational estimates of upper-air fields, we use
the ECMWF interim reanalysis (ERA-I; Dee et al.
2011) for the period 1980-2012. This data are also pre-
filtered at T21 (see section 2a).

3. Climatological characteristics of mid-Atlantic
tropical cyclone landfalls

The average rate of mid-Atlantic TC landfalls from
the observational estimates is 0.10-0.12yr ! (return
period of 8-10 years), which compares quite well
with the rate of 0.09-0.10yr ! (return period of 10—
11 years) from the ensemble of Minerva hindcasts (see
Table 2). Alternatively, based on the Poisson distri-
bution, which is useful for describing rare extreme
events, the probability of one or more TCs making
landfall in the mid-Atlantic during the same season
is 10%-11% and 9% from the observations and
hindcasts, respectively. The differences between these
observed and simulated values are not significant
at the 95% confidence limit (Table 2). Although the
above probabilities are fairly small in a given season,
the probabilities of one or more mid-Atlantic TC
landfall over 10-yr period are considerable: 66 %—-72%
and 61%-64% based on observations and hindcasts,
respectively (Table 2).

There are roughly two regions in the simulations
where these land-falling TCs originate: eastern tropical
Atlantic and the region off the Southeast U. S. coast
(Figs. 2b—d), which shows correspondence with the
observed genesis locations (Fig. 2a) and is similar to the
observational study of Kocin and Keller (1991). [The
shift of the eastern tropical Atlantic center to the east
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FIG. 2. Genesis densities of TCs with landfalls in the mid-
Atlantic as number density per season per unit area equivalent
to a 5° spherical cap for (a) IBTrACS data (OBS; 1990-2016) and
Minerva hindcasts at (b) T1279, (c) T639, and (d) T319 resolutions.

in the simulations is partly a result of the tracking
scheme capturing the early (African easterly wave, or
AEW) stage of the TC development.] Storms that de-
velop over the eastern tropical Atlantic (e.g., Cape
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mid-Atlantic from IBTrACS data (OBS; 1851-2016) and Minerva hindcasts (1980-2013); and

(b) all North Atlantic TCs from IBTrACS data (OBS) and Minerva hindcasts for 1980-2011.

Verde hurricanes) are known to have higher tendency
to recurve and reach the East Coast compared to storms
that develop farther west (e.g., Elsner et al. 2000; Kossin
et al. 2010). It is curious that for the highest-resolution
hindcasts (T1279; Fig. 2b), genesis is fairly evenly split
between these two main regions (similar to the ob-
served sample of 12 TCs in Fig. 2a) in contrast to T639
and T319 (Figs. 2c,d), even though the overall gene-
sis density distributions (for all North Atlantic TCs)
are quite comparable between T1279 and T639 [see
Figs. 1b and ¢ in Manganello et al. (2016)]. Comparing
T1279 to T319, it is feasible that the increase in genesis
in the eastern tropical Atlantic with the model reso-
lution could be related to the improved climatological
genesis distribution at higher resolution [cf. Figs. 1b
and 1d in Manganello et al. (2016)].

Lifetime maximum intensity of TCs with landfalls
in the mid-Atlantic is well simulated only at T1279
(Fig. 3a), where the correspondence to observations
at the right tail of distributions appears to be better
than for all North Atlantic TCs during 1980-2011
(Fig. 3b). The seasonal cycle of these events is also
quite realistic: a clearly defined peak during August—
September is captured at T1279 and T639 with less
skill at T319 even though the climatological seasonal
cycle of all North Atlantic TCs is fairly flat in Minerva
(see Fig. 4). The higher frequency of land-falling
TCs (and all North Atlantic TCs) in August relative
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to September at T1279 and T639 is likely due to the
earlier identification of the model TCs (i.e., captu-
ring the AEW precursor disturbances) compared to
observations.

The above results suggest that Minerva hindca-
sts exhibit skill in reproducing the climatological
characteristics of mid-Atlantic TC landfalls particu-
larly at the highest T1279 resolution.

4. Predictability of mid-Atlantic tropical cyclone
landfalls in Minerva

Minerva hindcasts are not skillful in predicting mid-
Atlantic TC landfalls on seasonal time scales, al-
though the T1279 model shows a fairly large area of
significant skill along the U.S. mid-Atlantic seaboard
in TC track predictions [see Fig. 8a in Manganello
et al. (2016)]. However, these hindcasts are initialized
early in the season (1 May), and there may be poten-
tial for skill if initialized later in the season. The as-
sessment is further complicated by the fact that there
are only six such observed events during the recent
historical (hindcast) period (see section 2d). None-
theless, encouraged by the results of the previous
section the numerical forecasts are further interro-
gated to identify regional and large-scale environ-
mental conditions associated with these rare TC
tracks in order to better quantify their predictability
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FIG. 4. Seasonal cycle of (a) TCs with landfall in the mid-Atlantic from IBTrACS data (OBS;
1851-2016) and Minerva hindcasts (1980-2013); and (b) all North Atlantic TCs from IBTrACS
data (OBS) and Minerva hindcasts for 1980-2011.

on synoptic time scales and its limits, and their de-
pendence on model resolution.

a. Atmospheric conditions during mid-Atlantic TC
landfalls

The mean atmospheric circulation anomalies aver-
aged over all mid-Atlantic TC landfalls in Minerva
hindcasts at T1279 (49 events; based on daily data) are
shown in Fig. 5. (Results are similar for T319.) Based
on the pattern of the 700-hPa zonal wind (U700)
anomalies, there is an indication of a split in the
Atlantic midlatitude jet stream over the western North
Atlantic with positive zonal wind anomalies to the
north and south of the climatological jet axis and
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negative anomalies over the northeastern United
States (tripole structure; Fig. 5a). This results in very
weak westerly (or even weak easterly) winds over
the region (not shown), which contribute to steering
storms onshore. The flow changes appear to have bar-
otropic structure: similar anomalies are present in the
upper troposphere (Fig. 5b). A distinct dipole structure
with a blocking anticyclone over the mid-Atlantic is
seen in the 500-hPa geopotential height field (Z500;
Fig. 5c), which prevents TCs from moving northeast-
ward away from the coast. This is consistent with
the occurrence of large-scale cyclonic Rossby wave
breaking (Fig. 5d). The above atmospheric condi-
tions are similar to the large-scale flow patterns
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FIG. 5. Composite daily mean (a) 700-hPa (U700) and (b) 250-hPa zonal wind anomalies, (c) 500-hPa geo-

potential height anomalies (Z500), and (d) frequency of Rossby wave breaking (RWB) averaged over all mid-
Atlantic TC landfalls in Minerva hindcasts at T1279. Contour intervals are 1 ms ™' in (a),2ms ™' in (b), and 10 m in
(c). Negative contours are dashed, zero contour is omitted. Blue (gray) shading shows statistical significance at the
95% (99%) confidence level using Monte Carlo simulation. Black contours in (a) and (b) denote July-October
climatological zonal winds with the contour interval of 2ms ™', In (d), only the values statistically significant at the
90% confidence levels using Monte Carlo simulation are shown; cyclonic (anticyclonic) RWB frequency is depicted
by red/purple (blue/green) colors, and it represents a fractional probability of occurrence. Note that RWB is de-
tected as the large-scale overturning (north—south gradient reversal) of 250-hPa absolute vorticity. U700 tripole and

Z500 dipole patterns are designated by black boxes in (a) and (c), respectively.

that occurred during Hurricane Sandy (e.g., Fig. 1 in
Barnes et al. 2013).

A question arises of how frequent (or common) are
the occurrences of the Z500 dipole and the U700 tripole
patterns discussed above at the time of mid-Atlantic
TC landfalls in Minerva. Frequency distributions in
Fig. 6 demonstrate that about 82%-86% (71%-80%)
of all mid-Atlantic TC landfalls are associated with
the anomalous Z500 dipole (U700 tripole) pattern.
Moreover, all other TCs that are within the proximity
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of the U.S. East Coast (within approximately the same
distance where the land-falling TCs are located 1 day
prior to the landfall; see the region outlined in thick
dashed in Fig. 12), but do not make mid-Atlantic
landfall, are rarely associated with this pattern, and
the results of Monte Carlo simulation drawn from this
sample are largely similar to the climatological distri-
bution (not shown). It is also noteworthy that the
anomalous atmospheric conditions like the ones shown in
Figs. 5a and 5c are not so common both in the simulations
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FIG. 6. Frequency distributions of spatial correlation coefficient (scorr) between the (a),(b) daily 700-hPa zonal wind
anomalies and the tripole pattern (within black box area in Fig. 5a); and between the (c),(d) daily 500-hPa geopotential
height anomalies and the dipole pattern (within black box area in Fig. 5¢) for mid-Atlantic TC landfall events (black
bars) and all July-October (JASO) daily anomalies (gray bars) for (left) T1279 and (right) T319. Dashed brown lines
show the 5th and 95th percentiles from Monte-Carlo simulation. Numbers under the figures show the percent of land-
falling events with the statistically significant scorr values based on Monte Carlo simulations and the corresponding
cumulative frequency for JASO climatology, for Minerva (red and blue), and ERA-I (purple).

and the reanalysis: the cumulative frequency of occurrence
ranges between 15% and 22% (11%-12%) for Z500
(U700; see Fig. 6).

b. Persistence of local finite-amplitude wave activity
anomalies leading to mid-Atlantic TC landfalls

The evolution of the atmospheric flow patterns lead-
ing to mid-Atlantic TC landfalls is further analyzed us-
ing local finite-amplitude wave activity (LWA; Huang
and Nakamura 2016; see Fig. 1 in Chen et al. 2015). LWA
has been shown to be an effective diagnostic of local-
ized weather extremes, such as atmospheric blocking
where a close correspondence between large LWA
events and the reversal of zonal wind has been noted
(Chen et al. 2015; Huang and Nakamura 2016). Spe-
cifically, local wave amplification associated with the
pronounced blocking episode that steered Hurricane
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Sandy to the U.S. East Coast is well captured by a
large-amplitude quasi-stationary LWA (Huang and
Nakamura 2016). We apply the LWA diagnostic to
daily mean Z500. By construction, the computed LWA
and its southern and northern components have posi-
tive values. The northern (southern) LWA emphasizes
the northward (southward) displacement in height, or
blocking high (synoptic low) conditions, and the cor-
responding anticyclonic (cyclonic) wave breaking (not
shown). A more detailed description of the LWA calcu-
lation can also be found in Swenson et al. (2018). Com-
posite LWA anomalies at landfall corresponding to the
7500 anomalies in Fig. 5c are shown in Fig. 7. The Z500
dipole structure is clearly identified as a large-amplitude
positive LWA anomaly extending southeastward to the
tropical latitudes flanked by negative LWA anomalies
to the northeast and the southwest (Fig. 7a). There is
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F1G. 7. Composite daily mean (a) total, (b) northern, and
(c) southern LWA anomalies averaged over all mid-Atlantic TC
landfalls in Minerva hindcasts at T1279. Contour interval is 0.5 X
10®m?. Negative contours are green/blue and dashed, positive
contours are red/yellow and solid, zero contour is black. Pink (gray)
shading shows statistical significance at the 95% (99%) confidence
level using Monte Carlo simulation.

consequently a close correspondence between this LWA
pattern and zonal wind changes in Figs. 5a and 5b
where positive (negative) LWA anomalies are collo-
cated with the weakened (strengthened) jet. This
anomalous LWA pattern is largely due to a strongly
enhanced northern LWA in the region and a weakened
southern (northern) LWA to the northeast (southwest;
Figs. 7b,c). Over the western North Atlantic, these
results are similar to T319 (not shown).
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Large LWA events are often characterized by the
long buildup and persistence of the anomalies. Figure 8
shows the evolution of the composite northern and
southern LWA anomalies for T1279 starting at 4 days
prior to landfall. There exist large-amplitude quasi-
stationary features in the LWA anomaly distribution
over the Gulf of Mexico and western Caribbean (Regl
hereafter; see boxed areas in Figs. 8a—¢), western North
Atlantic (Reg2; see boxed areas in Figs. 8f—j) and
eastern North Pacific (Reg3; Figs. 8a—e) that persist up
to 4 days leading to these land-falling events. (Regl
exhibits statistically significant anomalies as early as at
5- and 6-day leads—not shown). Curiously, strongly
enhanced northern LWA over the North Atlantic does
not show strong persistence: this central feature ap-
pears to originate only at 2-day lead off the U.S. East
Coast (Fig. 8c). While again results for T319 are overall
similar to T1279, there is one notable difference: the
northern LWA anomalies over Reg3 are largely in-
significant at all leads (not shown).

To further quantify predictability of landfalls associ-
ated with the large anomalous LWA patterns described
above, we introduce an LWA index (LWALI hereafter)
by averaging northern and southern LWA anomalies
over the selected regions as specified above and several
days prior to landfall:

LWAI = —1 x (NLWAL + SLWA2 + NLWA3), (1)

where NLWAI1 denotes northern LWA anomalies av-
eraged over Regl, SLWA2 is southern LWA anoma-
lies averaged over Reg2, and NLWA3 is northern
LWA anomalies averaged over Reg3. We have found
that 3-day temporal averaging is most beneficial and
we consider LWALI at 1-day and 2-day lead (LWAII-
day and LWAI2-day hereafter) corresponding to the
LWALI averaged over 1-3 days and 2-4 days prior to
landfall, respectively. Frequency distributions of the
LWAIl-day and LWAI2-day demonstrate a statisti-
cally significant shift with respect to July-October daily
anomalies at T1279, whereas results for T319 are
largely insignificant (not shown). This suggests a po-
tential for the LWAI to serve as a predictor of mid-
Atlantic TC landfalls at 1- and 2-day leads mainly for
the T1279 model. This potential is further evaluated in
section 5 where a statistical model to predict mid-
Atlantic TClandfalls based on the LWALI as a predictor
is developed and assessed.

¢. Oceanic conditions during mid-Atlantic TC
landfalls

In a coupled forecasting system, predictability also
stems from the ocean which has longer memory
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F1G. 8. Composite daily mean (left) northern and (right) southern LWA anomalies averaged
over all mid-Atlantic TC landfalls in Minerva hindcasts at T1279 at different leads prior to
landfall. Contour interval is 0.5 X 10% m?. Negative contours are green/blue and dashed, pos-
itive contours are red/yellow and solid, zero contour is omitted. Pink (gray) shading shows
statistical significance at the 95% (99% ) confidence level using Monte Carlo simulation. Black
rectangles show the regions where LWA anomalies are averaged to construct the LWA index.

compared to the atmosphere. We therefore examine
here whether mid-Atlantic TC landfalls in Minerva
are associated with persistent sea surface temperature
(SST) anomalies. Figure 9 shows composite detrended
SST anomalies (SSTAs) at selected leads prior to
landfalls at T1279. Large-scale SSTAs off the U.S.
East Coast at the time of landfall (Fig. 9a) are likely
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forced by surface wind anomalies related to the splitin
the midlatitude jet stream (Fig. 5a; see section 4a):
negative zonal wind anomalies over the northeast U.S.
and positive ones to the south are roughly collocated
with positive and negative SSTAs, respectively. This
SST response fades away at longer leads consistent
with the atmospheric flow changes in Fig. 8. On the
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F1G. 9. Composite daily mean SST anomalies averaged over all

mid-Atlantic TC landfalls in Minerva hindcasts at T1279 at

(a) landfall, and (b) 3-day, (c) 7-day, and (d) 11-day lead prior to

landfall. Units are °C. Only values that are statistically significant at

the 95% confidence level using Monte Carlo simulation are shown.

Black rectangles denote the regions where SST anomalies are av-
eraged to construct the SST index.

other hand, in the vicinity of the equatorial Atlantic, the
SSTAs persist for about 2 weeks preceding TC landfalls.
To shed some light on the origin of these equatorial
SSTAs, Fig. 10 shows composite lower-tropospheric
wind and geopotential height anomalies at selected
leads prior to landfalls. 925-hPa wind exhibits signifi-
cant large-scale westerly anomalies over the tropical
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F1G. 10. Composite daily mean 925-hPa wind and geopotential
height anomalies averaged over all mid-Atlantic TC landfalls in
Minerva hindcasts at T1279 at different leads prior to landfall. The
arrow is 1.75 m s~ ! representing the unit vector of 925-hPa wind in
the panels. Vector arrows are plotted only when either of the wind
components is statistically significant at the 95% confidence level
using Monte Carlo simulation. Contour interval is 2m. Negative
contours are blue/purple and dashed, positive contours are red/
yellow and solid, zero contour is bright green. Pink shading shows
statistical significance of the 925-hPa geopotential height anoma-
lies at the 95% confidence level.

North Atlantic that weaken somewhat at 9-day and
longer leads. These changes are collocated with sig-
nificant negative 925-hPa geopotential height anoma-
lies extending at some leads to the equatorial Atlantic
and tropical South Atlantic. Positive equatorial SSTAs
in Fig. 9 are consistent with these anomalous surface
westerlies (Fig. 10), which would reduce the strength of
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the mean easterly trade winds and turbulent fluxes
from the ocean. It is curious that the atmospheric flow
changes over the tropical Atlantic are accompanied
by coherent anomalous northeasterlies over the north
Indian Ocean crossing the equator and changing to
northwesterlies (Fig. 10). The concurrent positive 925-
hPa geopotential height anomalies over South Asia along
with the corresponding wind changes are indicative of the
reduction in the strength of the Asian monsoon.

To relate equatorial SSTAs to the occurrence of the
mid-Atlantic TC landfalls, we examine vertical wind
shear(VWS) anomalies as the near-surface wind changes
discussed above would have a direct impact on this
large-scale parameter known to influence tropical cy-
clogenesis and intensification. Figure 11 shows com-
posite 200-925-hPa zonal VWS anomalies (Ventrice
etal.2011) at all leads between 9 days and landfall. The
reduction in VWS as evidenced by anomalous east-
erly shear over the main development region (MDR;
7.5°-22.5°N, 80°-20°W) is present at all leads shown.
This reduction in VWS along with the reduced lower-
tropospheric geopotential height would favor the for-
mation and development of the land-falling TCs that
originate in the eastern tropical Atlantic.

Similar to the LWAI, an SST index (SSTI) is con-
structed by averaging SST anomalies over the equatorial
Atlantic region marked by black rectangles in Fig. 9. The
ability of the SSTT to serve as a predictor of mid-Atlantic
TC landfalls on synoptic time scales is evaluated in
section 5. Curiously, no significant SST anomalies at
longer than 2-day leads prior to mid-Atlantic TC land-
falls are found in the T319 hindcasts.

5. Binary quantile regression model of mid-Atlantic
tropical cyclone landfalls in Minerva

Here we evaluate the ability of the LWAI and SSTT to
serve as predictors of mid-Atlantic TC landfalls on
synoptic time scales using a statistical model, and results
presented in sections 4b and 4c. To form a representa-
tive data sample, we consider all other simulated TC
positions (daily) during the July—October season that
fall approximately within a similar distance from the
coast as land-falling TCs are at 1- or 2-day lead (see the
regions outlined in thick dashed and solid, respectively,
in Fig. 12). These other TC positions are used in the
statistical model as “No Landfall”, or “Zero’’ events, as
opposed to “Landfall”, or “One” events. LWAI and
SSTI are computed for “No Landfall” events in the
same manner as described above. Naturally, for the mid-
Atlantic coastline, there are a lot more “No Landfall”
than “Landfall”” events. In fact, landfalls correspond to
only 1.5%-1.9% (1-day lead) and 0.7%-0.9% (2-day
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lead) of all data in the sample. This type of data, which
consists of binary dependent variables with dozens to
thousands of times fewer ones (events) than zeros
(nonevents) belongs to the category of rare events data
according to King and Zeng (2001). This is also a case of
unbalanced data (relative rareness) (i.e., when the mi-
nority class or class of interest is much smaller than the
majority class). Classification algorithms generally suf-
fer when data are skewed toward one class (Van der
Paal 2014).

We choose binary quantile regression as a statistical
model since it uses skewed link functions (higher
quantiles) which are found to offer a better fit to un-
balanced data (Kordas 2006; Van der Paal 2014).
Selecting a high quantile places more weight on the
rare event, and centers estimation around the infor-
mative part of the sample. We use the function rq.bin
in package Qtools for R (Geraci 2016, 2018) to esti-
mate the binary quantile regression model where the
LWAL SSTI, and both LWAI and SSTI* are tested as
predictors:

g.[P(y=1)]~LWAI, 2)
g.[P(y =1)] ~ SSTI, 3)
g,[P(y=1)] ~LWAI + SSTI, (4)

where g, [ ] is the 7 quantile link function derived from
the sample, and 7 =1 — 3, where ¥y is the overall sample
probability P (y = 1).

The K-fold cross validation is performed on the model
where the dataset is split in K partitions, of which K — 1
are used for training (building the model) and the re-
maining partition for testing (generating predictions).
The dataset is split in random divisions, each containing
an equal number of “Landfall” events. We use K values
of 7 and 5 for T1279 and T319, respectively. The cross-
validation procedure is repeated K times, with each of
the K partitions used exactly once as the validation data
until predictions are obtained for the whole sample. The
predictive performance of the model is assessed using
the area under the receiver operating characteristic
(ROC) curve, or AUC, as a skill metric since it is not
sensitive to class imbalance. Using the LWALI as a pre-
dictor, the statistical model shows moderate skill in
predicting mid-Atlantic TC landfalls at 1-day lead with
somewhat lower skill at 2-day lead and marginal skill
scores for T319 (Table 3). The SSTT has lower predictive
value compared to the LWALI, and the addition of the

4The LWAI and SSTI are found to be uncorrelated.
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F1G. 11. Composite daily mean 200-925-hPa vertical wind shear anomalies of the zonal wind
averaged over all mid-Atlantic TC landfalls in Minerva hindcasts at T1279 at all leads between
9 days and landfall. Contour interval is 1 m s~ !. Negative contours are blue/purple and dashed,
positive contours are red/yellow and solid, zero contour is omitted. Pink shading shows sta-
tistical significance at the 95% confidence level using Monte Carlo simulation. Black rectangles
delineate the main development region (MDR; 7.5°-22.5°N, 80°-20°W).

SSTT to the model does not improve the skill scores
substantially. Although these results may be of limited
use to the operational forecasting, we see a potential
benefit of our analysis to longer time-scale predictions
(see further discussion below).

6. Summary and conclusions

Multimodel ensemble seasonal hindcasts with a high-
atmospheric-resolution coupled prediction system based

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 03/09/22 09:52 PM UTC

on the ECMWF System 4 (Project Minerva) have been
used to study predictability of the mid-Atlantic TC
landfalls, which are among the most infrequent landfalls
along the U.S. East Coast. We have verified that Minerva
historical forecasts exhibit skill in simulating basic sta-
tistics and climatological characteristics of these land-
falling TCs where many features are reproduced with
higher fidelity at the highest atmospheric horizontal
spectral resolution of T1279 (16-km grid spacing). Be-
cause model resolution for the most part is not sufficiently
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(blue). Outlined regions in thick solid (dashed) denote geographic areas encompassing
all other TC positions used in the statistical model as ‘‘No Landfall”, or *“Zero” events, at

2-day (1-day) lead.

high to represent the intense hurricanes realistically, we
focus exclusively on tracks and do not examine intensity
at landfall nor distinguish between intensity classes in
this study.

A vast majority of TC tracks with landfalls in the
mid-Atlantic in Minerva are associated with specific
anomalous atmospheric conditions (Z500 dipole and
U700 tripole patterns, large-scale cyclonic Rossby
wave breaking), which are quite similar to the weat-
her patterns that occurred during Hurricane Sandy’s
landfall and are overall fairly infrequent in the simu-
lations and the reanalysis. When the evolution of
these atmospheric flow patterns is investigated using
LWA, an effective diagnostic of weather extremes
at the regional scales, we are able to identify large-
amplitude quasi-stationary features in the composite
LWA anomaly distribution that persist up to about a
week leading to these land-falling events. An LWA in-
dex formed by geographic and temporal averaging of the
LWA anomalies over the regions of high persistence
demonstrates a potential to serve as a predictor of mid-
Atlantic TC landfalls at 1- and 2-day leads mainly for
the T1279 model. In this model, we also find significant
SST anomalies in the equatorial Atlantic that persist for
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about 2 weeks leading to mid-Atlantic TC landfalls and
are likely an ocean response to the anomalous surface
westerlies over the tropical North Atlantic.

To test the predictive capability of the LWA and SST
indices, we have developed a binary quantile regression
model of mid-Atlantic TC landfalls in Minerva using
these indices individually and in combination as pre-
dictors. With the LWA index as a predictor, the statis-
tical model shows moderate skill at 1-day and 2-day

TABLE 3. Area under the receiver operating characteristic
(ROC) curve (AUC) for binary quantile regression models with
the LWALI, SSTI, and LWAI + SSTI as predictors of mid-Atlantic
TC landfalls in T1279 and T319. The K-fold cross validation is
used on the regression models (see section 5). SSTI is not used for
T319 based on the results in section 4c.

&Py =Dl~ g[[PG=D]~ g[PE=1]~
LWAI SSTI LWALI + SSTI
1-day lead
T1279 0.66 0.61 0.68
T319 0.59 — —
2-day lead
T1279 0.63 0.60 0.63
T319 0.58 — —
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leads at T1279 and marginal skill scores for T319. The
SST index has lower predictive value compared to the
LWA index, and its addition to the model does not lead
to marked improvement of the skill scores.

With respect to these results a few important ques-
tions remain that will be the subject of future work:

1) Whatis the nature of the persistent LWA anomalies?
Are they forced or part of the natural variability of
atmospheric circulation?

2) Is there a value in the LWA index as a predictor of
mid-Atlantic TC landfalls on decadal and longer
time scales?

3) Why are there differences between the T1279 and
T319 models with respect to the geographical loca-
tion of the persistent LWA anomalies? And why are
there no persistent SST anomalies in the T319 model,
which has the same ocean resolution as the T1279
model?

The results of this study may be of limited value to the
operational forecasting. For example, the landfall loca-
tion of Hurricane Sandy has been predicted quite ac-
curately at 5-day to 7-day lead times (e.g., Kerr 2012;
Xiang et al. 2015), although the westward bend of TC
tracks like Sandy’s continue to pose a great forecasting
challenge. Instead, we see a potential benefit of our
analysis to longer time-scale predictions (e.g., decadal)
including climate change projections where the bulk
of models used are of coarse resolution and therefore
may not faithfully reproduce the statistics of land-falling
TCs and/or it is computationally prohibitive to perform
an explicit TC identification and tracking. In these cases,
a change in the LWA index distribution could serve as
a proxy for a change in mid-Atlantic TC landfall statis-
tics from one decade to another, or from a cooler to a
warmer climate.
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