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ABSTRACT: The active 2020 Atlantic hurricane season produced 30 named storms, 14 hurricanes,
and 7 major hurricanes (category 3+ on the Saffir-Simpson hurricane wind scale). Though the
season was active overall, the final two months (October—November) raised 2020 into the upper
echelon of Atlantic hurricane activity for integrated metrics such as accumulated cyclone energy
(ACE). This study focuses on October—November 2020, when 7 named storms, 6 hurricanes,
and 5 major hurricanes formed and produced ACE of 74 x 10* kt? (1 kt =~ 0.51 m s'). Since
1950, October—November 2020 ranks tied for third for named storms, first for hurricanes and
major hurricanes, and second for ACE. Six named storms also underwent rapid intensification
(=30 kt intensification in <24 h) in October—November 2020—the most on record. This manuscript
includes a climatological analysis of October—November tropical cyclones (TCs) and their primary
formation regions. In 2020, anomalously low wind shear in the western Caribbean and Gulf of
Mexico, likely driven by a moderate-intensity La Nifia event and anomalously high sea surface
temperatures (SSTs) in the Caribbean, provided dynamic and thermodynamic conditions that were
much more conducive than normal for late-season TC formation and rapid intensification. This
study also highlights October—November 2020 landfalls, including Hurricanes Delta and Zeta in
Louisiana and in Mexico and Hurricanes Eta and lota in Nicaragua. The active late season in the
Caribbean would have been anticipated by a statistical model using the July—September-averaged
ENSO longitude index and Atlantic warm pool SSTs as predictors.
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he 2020 Atlantic hurricane season was very active by most tropical cyclone (TC) metrics,

producing a total of 30 named storms, 14 hurricanes, and 7 major hurricanes [maximum

sustained winds = 96 kt (1 kt = 0.51 m s!); categories 3—-5 on the Saffir—Simpson
hurricane wind scale]. The formation of 30 named storms broke the Atlantic single-season
record of 28 named storms set in 2005, and only 2005 produced more hurricanes with a
total of 15 (Beven et al. 2008). Seven major hurricanes formed in 2020, tying 2005 for the
most major hurricanes on record dating back to 1851 (Landsea and Franklin 2013). Though
the 2020 Atlantic hurricane season was on record pace for named storm formations through
September (Table 1), the extremely active October—November (Oct—Nov) drove integrated
metrics such as named storm days, major hurricane days,
and accumulated cyclone energy! (ACE; Bell et al. 2000) tQ s
well above-average levels by the end of the season. Through ' Accumulated cyclone energy is an integrated
30 September, the 2020 Atlantic hurricane season produced metric accounting for frequency, intensity, and
23 named storms, 6 ahead of the prior record of 17 named duration of storms and is calculated by squar
storms set in 2005 and equaled in 2011. However, during

ing the maximum sustained wind speed at each
6-hourly interval when a tropical or subtropical

this time period the Atlantic only generated 19 hurricane cyclone has maximum sustained winds > 34 kt
days, just above the 1950-2019 average of 18.75 hurricane (e.g., a named storm) and then dividing by
days. Also, total ACE reached 106 x 10 kt? by 30 September 10,000.

(~130% of the 1950-2019 average).
October—November 2020 was extremely active with 7

named storms, 6 hurricanes, and 5 major hurricanes forming during the 2-month period
(Table 1). In addition, these two months generated 74 x 10* kt? of ACE, producing the second-
most Oct—Nov ACE since 1950 (trailing only 2016 which produced 79 x 10* kt? of ACE). The
1950-2019 Oct—Nov average is 2.7 named storms, 1.5 hurricanes, 0.5 major hurricanes, and
23 x 10*kt? of ACE. The five major hurricanes that formed in Oct—Nov 2020 (Delta, Epsilon, Zeta,
Eta, and Iota) were the most on record for the Atlantic basin during this 2-month period. No
other season on record had more than two major hurricane formations in Oct—Nov. These
two months in 2020 also generated five hurricane formations in the Caribbean Sea (Gamma,
Delta, Zeta, Eta, and Iota), breaking the old record of three set in 1870 and equaled in 2010.
All six Oct-Nov hurricanes hit land, causing extensive damage and loss of life (Table 2).
Hurricane Gamma made landfall along the Yucatan Peninsula, and Delta and Zeta both
made landfall in the Yucatan Peninsula and subsequently in Louisiana. Zeta’s Yucatan
landfall occurred near Gamma’s landfall location a few weeks earlier. Hurricanes Eta and
Iota made landfall at nearly the same location in Nicaragua as category 4 hurricanes less
than two weeks apart, causing catastrophic damage, especially due to flooding and associ-
ated mudslides. Eta and Iota combined to cause $7 billion USD in Honduras alone, which
is ~30% of Honduras’s gross domestic product of $24 billion USD (Aon 2021). These storms
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Table 1. Observed Atlantic TC statistics for the 2020 Atlantic hurricane season through September, for
October-November 2020, and for the full 2020 Atlantic hurricane season. Also included in parentheses
are ranks for each TC statistic for each time period since 1950.

TC statistic 2020 Atlantic TC October—November Full 2020 Atlantic
statistics through 2020 TC statistics TC season statistics
September
Named storms 23 (1) 7 (T-3) 30 (1)
Named storm days 82.75 (4) 40 (2) 122.75 (2)
Hurricanes 8 (T-2) 6 (1) 14 (2)
Hurricane days 19 (32) 16.25 (4) 35.25 (17)
Major hurricanes 2 (T-21) 5(1) 7 (T-1)
Major hurricane days 3.5 (T-34) 4.75 (4) 8.25 (20)
Accumulated cyclone energy 106 (18) 74 (2) 180 (8)

also combined to cause over 230 direct fatalities in Central America and southern Mexico,
which thankfully was substantially fewer than the thousands of casualties resulting from
Hurricane Mitch in 1998.

This manuscript examines the climatology of Oct—Nov Atlantic TCs, including its inter-
annual variability as modulated by ENSO as well as its multidecadal variability that is
likely modulated by the Atlantic multidecadal oscillation (AMO; Goldenberg et al. 2001;
Klotzbach and Gray 2008; Klotzbach et al. 2018). We also discuss observed activity in
Oct-Nov 2020 and then examine the large-scale drivers of the extremely active latter
portion of the 2020 Atlantic hurricane season to compare against both the long-term
climatology and 2005 specifically—another recent very active season in the Caribbean.
Last, we examine the potential predictability of Oct—-Nov Caribbean TC activity using a
two-predictor model composed of the July-September-averaged ENSO longitude index
(ELI; Williams and Patricola 2018) and July-September-averaged Atlantic warm pool
(AWP; Wang and Lee 2007) conditions.

Table 2. October-November 2020 Atlantic named storm landfall summary statistics, including landfall location, intensity,
estimated total damage and direct fatalities from individual NHC Tropical Cyclone Reports.

Storm name Storm date Landfall location Landfall Landfall intensity Estimated damage Direct
(local time) intensity (kt) (MSLP) (millions USD) fatalities

Gamma 3 Oct 2020 Tulum, Mexico 65 978 Minimal 6

Delta 7 Oct 2020 Puerto Morelos, 90 971 185 0
Mexico

Delta 9 Oct 2020 Creole, Louisiana 85 970 2,900 2

Zeta 26 Oct 2020 Tulum, Mexico 75 977 Minimal 0

Zeta 28 Oct 2020 Cocodrie, Louisiana 100 970 4,400 5

Eta 3 Nov 2020 Puerto Cabezas, 120 940 6,800 165
Nicaragua

Eta 8 Nov 2020 Sancti Spiritus, Cuba 55 991 Minimal 0

Eta 9 Nov 2020 Lower Matecumbe 55 993 1,500 7
Key, Florida

Eta 12 Nov 2020 Cedar Key, Florida 45 996 Combined with prior Combined with

FL landfall prior FL landfall

lota 16 Nov 2020 Puerto Cabezas, 125 921 1,400 67

Nicaragua
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Data and significance tests

Atlantic TC dataset. All TC metrics are computed from the National Hurricane Center’s
Atlantic hurricane database (HURDAT2; Landsea and Franklin 2013). This dataset currently
provides 6-hourly location and intensity information for all TCs from 1851 to 2020. Though
the Atlantic hurricane database is generally more reliable since the start of the Atlantic geo-
stationary satellite era (since 1966; Landsea 2007), we extend our TC analysis back to 1950
given that the preponderance of Oct—-Nov hurricane activity occurred in the better-observed
western Atlantic. Western Atlantic TCs are more likely to have been observed by ships or air-
craft reconnaissance compared to Atlantic TCs farther east. In addition, in the next section
we show that Oct-Nov TC activity was more intense during the 1950s and 1960s than in the
1970s and 1980s, and consequently this backward extension of the TC dataset increases the
sample size for our climatological analysis.

Reanalysis dataset. We use the European Centre for Medium-Range Weather Forecasts
(ECMWEF) fifth generation reanalysis dataset (ERA5; Hersbach et al. 2020) for all large-scale
atmospheric and oceanic parameter calculations. The reanalysis is available at 0.25° spatial
resolution and hourly temporal resolution. The ERA5 dataset extends from 1979 to near pres-
ent. A preliminary backward extension of ERA5 to 1950 has recently been released, but we
focus our large-scale analysis from 1979 onward, as this is the era of global geostationary
and polar-orbiting satellite coverage (Smith et al. 1979).

Relative humidity and SST are directly provided by ERA5. Vertical wind shear is calculated
as the vector wind difference between 200 and 850 hPa. Velocity potential anomalies are
computed from 200-hPa vector winds using “windspharm” (Dawson 2016). Potential intensity
is computed via “pyPI” (Gilford 2020), which uses the Bister and Emanuel (2002) algorithm.

ENSO dataset. We use the ELI (Williams and Patricola 2018) to define ENSO events. The ELI
is calculated by averaging the longitude across the equatorial Pacific where the SST thresh-
old for deep convection is met, a threshold defined as the SST averaged over the region from
5°S to 5°N. Williams and Patricola (2018) showed that the ELI has a stronger physical tie to
the Walker circulation and exhibits stronger correlations with seasonal Atlantic hurricane
activity than the oceanic Nifio index, which is defined as a 3-month running average of SST
anomalies in the Nifio-3.4 region (5°S-5°N, 170°-120°W; Barnston et al. 1997) (figure not
shown). The physical basis for this stronger relationship is likely through shifts in the Walker
circulation impacting vertical wind shear, which is one of the primary mechanisms by which
ENSO significantly impacts Atlantic hurricane activity (Gray 1984).

Madden-Julian oscillation index. The Madden—Julian oscillation (MJO; Madden and Julian 1971)
is the leading intraseasonal mode of variability in tropical convection. The MJO typically
propagates around the globe every 30-70 days. The phase and amplitude of the MJO can be
quantified by the Wheeler-Hendon (WH) index (Wheeler and Hendon 2004). The WH index
uses 200- and 850-hPa zonal wind along with outgoing longwave radiation to determine the
location and intensity of the rising branch of the MJO. The MJO has been shown to significantly
modulate Atlantic hurricane activity on intraseasonal time scales via modulations in vertical
wind shear, midlevel moisture, and vertical motion over the tropical Atlantic and Caribbean
(Klotzbach 2010; Ventrice et al. 2011; Klotzbach and Oliver 2015).

Statistical significance tests. Statistical significance is calculated using bootstrap resam-
pling methods (Efron 1979; Wilks 1997; Hesterberg et al. 2003). Statistical significance of
differences in means and statistical significance of correlations are calculated by resampling
randomly from the specific dataset(s) being investigated with replacement 1,000 times. If the
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mean obtained in our sample occurs fewer than 5% of the time in the randomly resampled
dataset, the mean is considered statistically significant, while if fewer than 5% of the randomly
resampled correlations are of the opposite sign of the correlation obtained in the analysis,
the correlation is said to be significant at the 5% level.

October-November Atlantic tropical cyclone climatology

Interannual and multidecadal variability. October and November are the final two months
of the official Atlantic hurricane season, which runs from 1 June to 30 November. Using a
1950-2019 climatology, an average Oct—-Nov (33% of the season length) generates 22% of
named storm formations, 24% of hurricane formations, 20% of major hurricane formations,
and 22% of ACE (Fig. 1). In this manuscript, formation refers to when a TC first reaches a
particular intensity. For example, if a TC became a named storm on 30 September and a hur-
ricane on 3 October, it would count as a September named storm and an October hurricane.
We leave 2020 out of most of the climatological discussion that follows to compare the 2020
season against a climatology that does not include the season on which this paper focuses.

There is pronounced interannual and multidecadal variability in Oct—Nov Atlantic hur-
ricane activity from 1950 to 2019 (Fig. 2). Here, we focus on ACE to highlight this variability.
In 1960, 1983, and 1993, the final two months of the Atlantic hurricane season generated O
ACE, while 2016 produced the most Oct—Nov ACE since 1950 (79 x 10* kt?). October—November
2020 (red bar in Fig. 2a) generated the second-most ACE during the 2-month period (74 x
10* kt?). Figure 2a also highlights pronounced multidecadal variability in Oct—-Nov Atlantic
hurricane activity, with heightened activity from 1950 to 1969 and 1995 to 2019 but less
activity from 1970 to 1994. These multidecadal periods have been associated with the AMO,
with 1950-69 and 1995-present regarded as positive AMO phases and 1970-94 regarded
as a negative AMO phase. Positive AMO phases are typically characterized by higher tropical
Atlantic SSTs and reduced vertical wind shear, both of which favor more Atlantic hurricane
activity (Goldenberg et al. 2001; Klotzbach and Gray 2008). The average ACE observed from
1950 to 1969 (28 x 10* kt?) and from 1995 to 2019 (29 x 10* kt?) are significantly higher than
the average ACE observed from 1970 to 1994 (12 x 10* kt?).

As is the case for overall seasonal TC activity (Gray 1984; Tang and Neelin 2004;
Klotzbach 2007), ENSO strongly modulates Oct—Nov Atlantic TC activity (Figs. 2a,b). The
dashed line in the scatterplot of the ELI and Oct-Nov ACE time series (Fig. 2b) highlights
the linear regression between the two time
series. A more westward ELI index (e.g.,

a westward-shifted Walker circulation) is 0%

typically associated with lower SSTs in the
eastern and central tropical Pacific (e.g.,
La Nina) and higher levels of Atlantic ACE.
Though the strength of the relationship is
fairly weak (e.g., r=—0.31 from 1950 t0 2019),  30%

the correlation is statistically significant. We
also stratify ENSO by dividing 1950-2019  20%
ELI values into three bins (selecting the 17
most eastward ELI values for El Nino, the 17 10% III
L. L Il

most westward ELI values for La Nifia, and -

the middle 36 ELI values for ENSO neutral) June July August September October November
and compute the mean of the observed ACE B Named Storms B Hurricanes B Major Hurricanes ACE
values in each subset. The mean Oct-Nov Fig. 1. Percentage of Atlantic tropical cyclone activity gener-

ACE for El Nifo years is 14 x 10* kt?, the  ated in each month of the Atlantic hurricane season using
mean Oct-Nov ACE for ENSO neutral years  a 1950-2019 climatology.

50%

40%
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is 23 x 10* kt?, and the mean Oct—Nov ACE
for La Nifia years is 31 x 10“ kt?. Both the
average El Nino and the average La Nifia
ACE are significantly different from ENSO-
neutral ACE. In addition, only two of the 17
El Nifio years had ACE greater than 30 x 10*
kt2, while eight of the 17 La Nifia years had
ACE greater than 30 x 10 kt?>. We do also note
that there is a large spread in observed ACE
in La Nifia and ENSO-neutral years, indicat-
ing that other large-scale conditions besides
ENSO play an important role in modulating
late season Atlantic hurricane activity. The
red dot denotes the observed ACE and ELI
for Oct-Nov 2020. The Oct-Nov ELI in 2020
was the seventh-farthest west since 1950,
indicative of a La Nifia event.

October-November Atlantic TC forma-
tion locations and track characteristics.
Figure 3a displays October Atlantic named
storm formations from 1950 to 2019. The
dot plotted on each map represents the loca-
tion where each named storm first reached
tropical storm strength (e.g., >34-kt maxi-
mum sustained winds), with warmer colors
indicating stronger maximum intensities.
Named storm formations occur throughout
the basin, yet of the 20 October named storms
that reached major hurricane strength, 14
(70%) formed in the Caribbean. In addition,
of the 75 October named storms that reached
hurricane strength, 53 (71%) formed in the
western Atlantic (west of 60°W). As would
be expected given where named storms
form during October, most October major
hurricane tracks also occurred in the Ca-
ribbean (Fig. 3c). This ratio contrasts with
September Atlantic named storm formations,
where 41% of named storms that reached
hurricane strength formed in the western
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Fig. 2. (a) October—November Atlantic ACE from 1950 to
2020 (blue columns) and the ENSO longitude index (ELI)
(green line). The red column highlights the observed ACE in
October-November 2020. (b) Scatterplot of the relationship
between October—-November ACE and ENSO from 1950 to
2020 as represented by the ELI. The red dot represents the
observed value of the ELI and October-November ACE in
2020, while the blue dashed line represents the regression
relationship between the two time series from 1950 to 2019.
Black lines delineate the longitude breakdowns between
El Nifio and neutral and neutral and La Nifa conditions,
respectively.

Atlantic. DeMaria et al. (2001) highlighted that tropical Atlantic named storm formations
between Africa and the Caribbean (e.g., south of 20°N, east of 60°W) typically decrease by
early October due to increasing vertical wind shear.

Five November major hurricanes formed during 1950-2019, with all but Hurricane Kate
(1985) occurring in the western Caribbean (Fig. 3b). The central subtropical Atlantic also
produces frequent November Atlantic named storm formations, typically of the baroclinically
initiated variety (e.g., Elsner et al. 1996; McTaggart-Cowan et al. 2013; Tang et al. 2020). All
November named storms that became major hurricanes have had relatively short lifespans
at major hurricane strength (Fig. 3d), given that most of these major hurricanes have formed
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October

Fig. 3. (a) October Atlantic named storm formation locations from 1950 to 2019. Named storms that reached major hur-
ricane strength are denoted by red dots, category 1-2 hurricane strength are denoted by orange dots, and tropical
storm strength are denoted by yellow dots. (b) As in (a), but for November Atlantic named storm formation locations.
(c) October Atlantic tropical cyclone tracks at major hurricane strength from 1950 to 2019. (d) As in (c), but for November
major hurricane-strength tracks.

in the western Caribbean and consequently close to land. All five November major hurri-
canes between 1950 and 2019 made landfall and caused considerable damage: Kate in 1985
(Case 1985), Lenny in 1999 (Guiney 1999), Michelle in 2001 (Beven 2002), Paloma in 2008
(Brennan 2009), and Otto in 2016 (Brown 2017).

October-November 2020 Atlantic tropical cyclone activity

October named storm activity. As noted in the introduction, Oct-Nov 2020 was extremely
prolific for Atlantic TC activity, with 7 named storms, 6 hurricanes, and 5 major hurricanes
occurring during the 2-month period (Table 1 and Figs. 4a,c). Following an extremely active
period for Atlantic TC activity during mid-September that featured three hurricanes simulta-
neously (Paulette, Sally, and Teddy), the Atlantic went through a lull with no named storm
activity from 23 September through 1 October. However, that lull ended when Gamma became
a named storm on 2 October in the western Caribbean and intensified to a 65-kt hurricane
before making landfall along the Yucatan Peninsula (Latto 2021). Though Gamma caused
minimal damage in Mexico, 6 direct fatalities in Mexico were attributed to the storm.

On 5 October, Delta formed in the central Caribbean and rapidly intensified to a category
4 hurricane on 6 October, peaking at 120-kt maximum sustained winds before weakening
and making landfall on the Yucatan Peninsula (Cangialosi and Berg 2021). Delta reintensified
in the Gulf of Mexico to category 3 intensity but then weakened to an 85-kt hurricane before
making landfall near Cameron, Louisiana, on 9 October. Delta’s Mexico landfall caused an
estimated $185 million USD in damage, while its landfall in Louisiana caused $2.9 billion
USD in damage. Delta did not cause any direct fatalities in Mexico but did cause five direct
fatalities in the southeastern United States.

After another brief lull in TC activity in mid-October, Epsilon formed in the subtropical
central Atlantic from a nontropical low on 19 October (Papin 2021). It underwent rapid
intensification between 20 and 21 October and reached 100-kt major hurricane intensity
while east of Bermuda. Epsilon became a major hurricane at 29.3°N—the farthest north an
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Fig. 4. (a) Tracks of Atlantic tropical cyclones in Oct-Nov 2020. (b) As in (a), but for Oct-Nov 2005. (c) Tracks of named
storms during their rapid intensification stage in Oct-Nov 2020. (d) As in (c), but for Oct-Nov 2005.

Atlantic major hurricane has formed this late in the calendar year (21 October) on record.
While Epsilon caused only minor damage, one direct fatality was recorded in Florida due to
rip currents generated by the storm.

Zeta was named on 25 October while in the northwest Caribbean Sea (Blake et al. 2021).
It was initially slow to intensify but then strengthened more rapidly, reaching hurricane
strength by 26 October before making landfall on the Yucatan Peninsula on 27 October. Zeta
weakened to a tropical storm after landfall but then rapidly intensified after reaching the
Gulf of Mexico, peaking at 100 kt (e.g., major hurricane intensity) before making landfall in
southeast Louisiana on 28 October. Zeta’s Mexican landfall caused only minimal damage
and no direct fatalities, while Zeta’s landfall in Louisiana caused $4.4 billion USD in damage
and five direct fatalities.

November named storm activity. Eta was named in the central Caribbean on 1 November
and, after an initial steady intensification, began rapidly intensifying on 2 November, reaching
a peak intensity of 130 kt early on 3 November (Pasch et al. 2021). Eta weakened slightly to
120 kt before making landfall in Nicaragua later that day. The system continued to weaken to a
tropical storm on 4 November and then to a tropical depression on 5 November. However, after
weakening to a tropical disturbance while moving over the mountainous terrain of Nicaragua
and then Honduras, Eta intensified into a tropical depression on 6 November once it reemerged
over the northwest Caribbean. It slowly became better organized, reintensifying to a tropical
storm before making landfall at 55 kt in south-central Cuba on 8 November. Eta then tracked
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northeastward and then northwestward, making another landfall on 9 November in the
Florida Keys as a 55-kt tropical storm. It then weakened slightly while moving southwestward
over the southern Gulf of Mexico. Eta subsequently turned northeastward and underwent one
last burst of intensification, briefly reaching hurricane strength on 11 November before dry
air and shear began to weaken the system. It made a final landfall near Cedar Key, Florida,
on 12 November as a 45-kt tropical storm. Eta caused $6.8 billion USD in damage and 165
direct fatalities in Central America and southern Mexico and also caused $1.5 billion USD in
damage and 7 direct fatalities in the United States.

Theta formed from a nontropical area of low pressure on 10 November in the subtropical
central Atlantic (Beven 2021). It was initially classified as subtropical but became a tropical
storm later that day. Theta also reached its maximum intensity of 60 kt on 10 November. No
damage or casualties were attributed to Theta.

Iota became a named storm in the central Caribbean on 13 November (Stewart 2021).
Some westerly shear and dry air entrainment slowed Iota’s initial intensification, but it then
underwent rapid intensification from 45 kt late on 14 November to its peak intensity of
135 kt on 16 November. Iota weakened slightly before making landfall in Nicaragua on
17 November as a 125-kt hurricane ~25 km south of where Eta made landfall just 13 days
prior. Iota caused $1.4 billion USD in damage and was responsible for 67 direct fatalities
in Central and South America.

October-November 2020 landfalls and rapidly intensifying hurricanes. The 2020 Atlantic
hurricane season ranked in the top five (since 1950) for all Oct-Nov Atlantic TC statistics
analyzed here (Table 1). Overall activity levels were high, yet what made Oct-Nov 2020 even
more notable was the sheer number and intensity of its landfalls (Fig. 4a). Five of the seven
named storms that formed made at least one landfall, with Eta making four separate land-
falls. Eta and Iota made landfall in nearly the same location in Nicaragua thirteen days apart,
causing tremendous damage and devastation to Nicaragua, Honduras, and other parts of
Central America. Also, Gamma, Delta, and Zeta made landfall at nearly the same spot along
the Yucatan Peninsula. Delta and Zeta made landfall in Louisiana as category 2 and category
3 hurricanes, respectively, bringing additional significant damage to a state that had already
been hit by Hurricane Laura just several weeks prior. The financial toll from Eta and Iota
across Central America was heavily driven by excessive rainfall that prompted considerable
flooding and landslides. This part of the world is highly conducive to flooding given the lo-
cal topography. The combined damage of these storms was comparable to Hurricane Mitch
(1998), which caused ~$6 billion (2020 USD) in damage in Central America (EM-DAT 2021).
However, Eta and Iota’s estimated direct fatality loss of ~230 paled in comparison to that of
Hurricane Mitch’s estimated 9,000 fatalities (Pasch et al. 2001), likely due to improved warn-
ing capabilities in those countries in recent years.

One of the other notable features of Oct—-Nov 2020 was the prevalence of rapidly intensifying
named storms (Fig. 4c). A threshold of 30 kt in 24 h has been applied to define rapid intensi-
fication in prior studies, as it represents approximately the 95th percentile of 24-h overwater
intensity change in the Atlantic basin (e.g., Kaplan and DeMaria 2003; Kaplan et al. 2010).
Here we use this same criterion for named storms that were at least tropical-storm strength
at the start of their rapid intensification event, as tropical depression classifications have
less certainty going back in time (Klotzbach and Landsea 2015). We also include Gamma as
a rapidly intensifying storm, as it intensified by 30 kt in less than 24 h but then weakened
due to landfall. Six of the seven named storms that formed in Oct-Nov 2020 underwent rapid
intensification (Gamma, Delta, Epsilon, Zeta, Eta, and Iota). These six Oct-Nov named storms
undergoing rapid intensification are the most on record for the Atlantic basin during Oct-Nov,
breaking the old record of three rapidly intensifying named storms set in 2005 (Fig. 4d) and
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equaled in 2010. However, more noteworthy was that three named storms in Oct-Nov 2020
had rapid intensification episodes > 65 kt in 24 h (Delta, Eta, and Iota). Prior to 2020, only
one named storm (since 1950) had intensified by more than 60 kt in 24 h in Oct-Nov. Wilma
(2005) set the 24-h Atlantic named storm rapid intensification record when it intensified by
95 kt in 24 h. Extremely favorable large-scale conditions in 2020, as discussed in the next
section, provided an environment that was highly conducive for rapid intensification to occur.

Comparison with October-November 2005. As noted in the introduction, Oct-Nov 2005
was also very active, with 10 named storms, 4 hurricanes, 2 major hurricanes, and 61 x 10*
kt? of ACE (Fig. 4b). Though more named storms occurred in Oct-Nov 2005 than Oct-Nov
2020, Oct—Nov 2020 produced more hurricanes, major hurricanes, and ACE. The Oct-Nov
portion of the 2005 season was also impactful from a landfall perspective, with three named
storms making landfall at hurricane strength: Stan, Wilma, and Beta. Wilma’s landfall on
the Yucatan Peninsula with 130-kt maximum sustained winds was the strongest Oct—Nov
landfall in 2005. Wilma would then go on to make a second landfall in southwest Florida
with 105-kt maximum sustained winds, causing considerable damage across the southern
part of the state. Torrential rainfall associated with Stan, and a larger Central American gyre
(Papin et al. 2017) in which Stan was embedded, resulted in more than 1,000 fatalities in
Central America (Pasch and Roberts 2006). Total damage from landfalling named storms in
Oct—Nov 2005 was $41 billion (2020 USD), primarily from Wilma and Stan (EM-DAT 2021).
Prior to landfall, Stan, Wilma, and Beta all underwent rapid intensification in Oct—Nov
2005. Wilma intensified by 95 kt in 24 h, the greatest 24-h intensification rate ever recorded
in the Atlantic. Both Stan and Beta intensified by 30 kt in 24 h, and as noted earlier, three of
the Oct-Nov 2020 hurricanes intensified by =65 kt in 24 h: Delta, Eta, and Iota. The environ-
mental parameter analysis in the next section discusses which large-scale atmospheric and
oceanic conditions likely led to extreme activity in both Oct-Nov 2005 and Oct-Nov 2020.

October-November 2020 Atlantic basin large-scale analysis

We now evaluate ERA5 monthly averaged fields to place Oct—Nov 2020 in the context of past
seasons with additional comparison against Oct—Nov 2005. To explore subregional condi-
tions within the Atlantic basin, we define the western Caribbean as 10°-20°N, 84°-72°W; the
eastern Caribbean as 10°-20°N, 72°-60°W; and the Gulf of Mexico as 20°-30°N, 97°-81°W
(indicated by dashed boxes in Fig. 5d). Only three Oct—Nov hurricanes have formed in the
tropical Atlantic (south of 20°N, east of 60°W) since 1950, likely due to climatological in-
creases in vertical wind shear (DeMaria et al. 2001), thus we focus on the aforementioned
three subregions in the discussion that follows.

In October 2020, high SST and moisture coincided with low vertical wind shear in the
western Caribbean and southwestern Gulf of Mexico (Fig. 5), where Gamma, Delta, and
Zeta developed and tracked (Fig. 4a). Potential intensity was also high in that area (Fig. 5b),
indicating environmental conditions that were generally conducive for stronger TCs. We do
note that regions with hatched potential intensity (indicating top five most favorable) were
generally smaller than regions with favorable SST in both October (Figs. 5a,b) and November
2020 (Figs. 6a,b). As was shown by Johnson and Xie (2010), the threshold for tropical convec-
tion increases in a warming climate, and consequently, a measure of tropospheric stability
such as potential intensity may be a better indicator than SST of how anthropogenic climate
change may impact TC activity over time.

By comparison, although the eastern Caribbean also had elevated moisture, it also tended
to have higher shear, particularly east of 70°W (Figs. 5¢,d). This shear pattern supported the
observed spatial distribution of TC activity. No TCs developed south of 25°N and east of 72°W
in October 2020 (Fig. 4a). However, wind shear was weaker in the southern part of the tropical
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Fig. 5. Rank maps for October 2020 from ERA5 monthly averaged fields of (a) SST, (b) potential intensity, (c) 500-700-hPa
relative humidity, and (d) 200-850-hPa wind shear. A rank of 1 represents the highest value during 1979-2020 and a rank
of 42 the lowest. Purple shading indicates conditions more conducive for TCs; yellow shading indicates less conducive
conditions. White hatching shows values that are in the top five most favorable for TCs, and black hatching shows values
that are in the bottom five least favorable for TCs for each parameter. Orange dashed boxes in (d) represent the three
geographic regions discussed in Fig. 7.

Atlantic (Fig. 5d), which may have allowed the African easterly waves that spawned Gamma,
Delta, and Zeta to reach more favorable conditions in the Caribbean.

In November 2020, the western Caribbean was marked by extremely conducive conditions,
with monthly averaged potential intensity, midlevel moisture, and shear ranking either the
most or second-most conducive for the 1979-2020 period (Figs. 6, 7). These anomalously fa-
vorable conditions likely supported the explosive intensification observed for Hurricanes Eta
and Iota. The Gulf of Mexico exhibited comparatively lower moisture and potential intensity,
although climatologically TC activity in this region is relatively rare in November. Notably,
all November major hurricanes since 1950—with the exception of Kate (1985)—formed and
intensified in the Caribbean.

As noted earlier, October 2020 had lower vertical wind shear and more moist air in the
western Caribbean and Gulf of Mexico compared with most other years (Figs. 5, 7a). We note
that 2005 also had extremely favorable SST and potential intensity conditions in the Carib-
bean during October (Fig. 7b). Notably, two major hurricanes including the strongest Atlantic
hurricane on record when measured by minimum sea level pressure (Wilma) formed in the
Caribbean in October 2005.

During November 2020, the eastern Caribbean ranked highly for moisture and SST, while
the western Caribbean ranked first or second for all but SST during the 42-year period (Fig. 7a).
November 2005 exhibited environments generally less favorable than November 2020 across
the three Atlantic regions defined earlier with few fields ranking in the top five years. In
2005, the western Caribbean had no November fields ranking in the top five years, and only
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Fig. 6. As in Fig. 5, but for ERA5 monthly averaged fields in November 2020.

one weak named storm (Gamma) formed in the western Caribbean. Also in November 2005,
Delta and Epsilon formed in the subtropics.

Given submonthly variability such as the unprecedented back-to-back major hurricanes in
the Caribbean in November 2020 and the quiet periods in the Caribbean from mid-to-late
October and after mid-November, we now examine the role of subseasonal variability such
as the MJO. Prior research has shown that when the MJO is enhancing convection over Africa
and the western Indian Ocean (e.g., phases 1-2), Atlantic hurricane activity is enhanced,
but when the MJO is enhancing convection over the tropical Pacific Ocean (e.g., phases 6-7),
Atlantic hurricane activity is suppressed (Ventrice et al. 2011; Klotzbach and Oliver 2015).

The MJO index remained in phase 5 for most of October (Fig. 8a). We attribute this persis-
tent MJO index value to a relatively stationary region of enhanced convection near the South
China Sea (~120°E). This stationary pattern was associated with the intensifying La Nina
circulation, but it was not yet being reflected in the 120-day running mean that is subtracted
from the MJO index. While this stationary pattern was the primary subseasonal driver during
October, there was also an eastward propagating signal. It can be seen most clearly in the
convectively suppressed pattern near 90°W at the beginning of October that circumnavigates
and returns to 90°W around the end of the month (Fig. 8b). Roundy (2012) found that the MJO
and Kelvin waves exhibit a continuum of structures. This particular event lies closer to the
MJO time scale on that continuum, but it was faster than most MJO events, as it propagated
around the globe in ~30 days.

The propagating MJO signal likely enhanced conditions for the development of Gamma and
Delta early in October, then the suppressed MJO phase and its associated increased vertical
wind shear was likely associated with the relatively quiet period in late October. Eta and Iota
formed when the propagating signal returned to the Western Hemisphere. By that time, the
combined effects of the MJO and the stationary signals were transitioning into phases 8,
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Fig. 7. October (solid) and November (hatched) monthly ranks of various fields by TC favorability
within three Atlantic basin subregions (boxes in Fig. 5d) for (a) 2020 and (b) 2005. A rank of 1
indicates the most favorable during 1979-2020 (e.g., lowest wind shear, highest SST) and a rank
of 42 indicates least favorable (e.g., highest wind shear, lowest SST).

1, and 2, which would have reduced vertical wind shear and favored Eta’s persistence and
Iota’s development.

How well could we have anticipated October-November Caribbean hurricane activity
in 2020?

Though there are no publicly available statistical models that forecast Oct—Nov Atlantic
hurricane activity as a whole, Klotzbach (2011) developed a two-predictor model using
ENSO and the AWP (Wang and Lee 2007) to hindcast Oct—Nov Caribbean hurricane days.
That model used the July—September-averaged Nifio-3.4 index as its ENSO parameter and
July-September-averaged SSTs from 10°-20°N, 85°-50°W as its AWP parameter. In the analysis
that follows, we replace the Nifo-3.4 index with the ELI since we have used this index to define
ENSO throughout this study. As in our prior SST analysis, we use ERA5 SST to calculate the
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AWP predictor since 1979. Since this paper 4T
focuses on ACE, we hindcast Caribbean ACE |
as opposed to Caribbean hurricane days.
Both parameters are linearly regressed
against Caribbean ACE from 1979 to 2019,
which Klotzbach (2011) defined as the region
bounded by 10°-20°N, 88°-60°W. We use
that same regional definition here. The July—
September-averaged ELI predictor significantly
correlates with Oct—Nov Caribbean ACE at
-0.54, and the July—-September-averaged
AWP predictor significantly correlates with
Oct—Nov Caribbean ACE at 0.52 (Figs. 9a,b).

We next develop a simple linear regres- 31 ggp
sion model for Oct—Nov Caribbean ACE using
these two parameters as predictors. We rank
observed ACE and rank hindcast ACE from Ud.Ocky
the linear regression model and assign final
ACE values to the hindcast model based on 11 Oct 4
what the observed ACE would be given its
rank. Since 16 years between 1979 and 2019
had 0 Oct-Nov Caribbean ACE, the 16 low- 21 Oct1
est ranked ACE hindcasts are also assigned
a value of 0 ACE. The highest observed 31 Oct 4
Oct—Nov Caribbean ACE occurred in 2016,
when 35 x 10* kt? of ACE were generated. The
model anticipated that 2010 would generate
the most Oct—Nov Caribbean ACE during the
hindcast period, and consequently, the hind- 20 Nov {
cast for 2010 was assigned 2016’s observed
value (e.g., 35 x 10* kt?). The correlation

6 = Octobg;-"
=== Noyember

RMM2

10 Nov 1

between observed Oct-Nov Caribbean ACE 0° 45°E 90°E 135°E 180° 135°W 90°W 45°W
and hindcasts using the approach outlined in S, S ———
this section is 0.78, indicating that ~60% of R B b i o ey

the variance in Oct-Nov Caribbean ACE can Fig. 8. (a) Propagation of the Madden-Julian oscilla-

be explained by this simple model (Fig. 9c). tion during October-November 2020 according to the

If we only consider the 25 years where the Wheeler and Hendon (2004) index. (b) Hovméller diagram of
model hindcast nonzero ACE, the correla-  Oct-Nov 200-hPa velocity potential anomalies spanning the
tion between observed Oct—Nov Caribbean globe averaged over 5°S-5°N. Convectively enhanced and
ACE and hindcast ACE remains quite high convectively suppressed phases of the MJO are highlighted

(r = 0.75). The model also shows robust skill with solid and dashed lines, respectively. The relatively sta-
at pr‘e dic.ting ACE when only El Nifio (r = tionary enhancement of convection located around ~120°E is

also highlighted with a dashed ellipse.
0.87), neutral ENSO (r = 0.74), and La Nifia
years are considered (r = 0.64).

Last, we apply this model to forecast Oct—Nov Caribbean ACE in 2020. July-September—aver-
aged ELI was the seventh-farthest west on record (e.g., indicative of La Nifia conditions), and
the July—September averaged AWP was the fourth warmest on record. Since both predictors
were favorable for Oct—Nov Caribbean ACE generation, the model predicted the fourth-most
Oct—Nov Caribbean ACE since 1979 in 2020. The observed Oct—Nov 2020 Caribbean ACE was
the 3rd highest on record (33 x 10* kt?). Operationally, we would have calculated the forecast
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Oct-Nov Caribbean ACE as the average of (a) 40 —ACE —ELl 190
the third and fourth highest observed ACE

values from 1979 to 2019, since the value
in 2020 was predicted to fall between these
two quantities. The final ACE forecast for
Oct-Nov Caribbean ACE in 2020 would have
been 27 x 10* kt?, just below the observed
value and well above the 1979-2019 climato-
logical Oct—Nov Caribbean ACE of 6 x 10* kt?.
Consequently, the active late season in the
Caribbean would have been well forecasted
using this model.
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2015
2018 =

Summary.
October—-November (Oct—Nov) 2020 pro- (b) 4o EACE—AWP 29.5
duced an extremely active end to the Atlantic 35
hurricane season, with seven named storms,
six hurricanes, five major hurricanes, and
74 x 10* kt? accumulated cyclone energy
(ACE) generated during the 2-month period
(Table 1). From 1950 to 2019, a total of five
major Atlantic hurricanes formed in Novem-
ber. In November 2020 alone, two major
hurricanes (Eta and Iota) formed. In addition I I ‘
to producing the most major hurricanes and o | .. 1
the second-most ACE during the final two
months of the Atlantic hurricane season (c
since 1950, five named storms (Gamma,

Delta, Zeta, Eta, and Iota) made a combined

10 landfalls in Central America, the Carib-

bean, and the United States. Three of these
hurricanes made landfall on the Yucatan
Peninsula (Gamma, Delta, and Zeta; Fig. 4a
inset). One category 3 hurricane (Zeta), one
category 2 hurricane (Delta), and one tropi-

cal storm (Eta) made landfall in the United
States. The most impactful landfalls, how-

ever, were two category 4 hurricanes which

made landfall in nearly the same location in *=-Observed ACE

Nicaragua just 13 days apart (Fig. 4a inset). Fig. 9. (a) July-September ELI (green line) and October-
Eta and Iota caused devastation in Nicara- November Caribbean ACE (blue columns) from 1979 to
2020. The correlation between the two time series from
1979 to 2019 is -0.54. (b) As in (a), but for July-September
AWP (red line) and October-November Caribbean ACE

In addition, six Oct-Nov named storms  (pjye columns). The correlation between the two time
(Gamma, Delta, Epsilon, Zeta, Eta, and Iota)  series from 1979 to 2019 is 0.52. (c) October—-November
intensified by 230 kt in 24 h or less—de-  Caribbean ACE and hindcast ACE using July-September

fined as rapid intensification in this study  ELI and July-September AWP as predictors. The correla-
(Kaplan and DeMaria 2003). These six rap- tion between observed and hindcast ACE from 1979 to

idly intensifying TCs are the most during 20191s 0.78.
Oct-Nov since 1950, breaking the old record
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gua, Honduras, and other portions of Central
America as well as part of southern Mexico.
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How accurate is the Atlantic hurricane database?

The Atlantic hurricane database (HURDAT2; Landsea and

Franklin 2013) extends back to 1851, providing a 170-yr record of
TCs in the Atlantic basin. However, the TC records in this database
are subject to a continuously improving observational network
and, consequently, care must be used when examining long-term
trends using this dataset. Here, we document several of the most
notable observational improvements that have led to nonstation-
arity in TC records in the HURDAT2 dataset.

Though HURDAT2 began in 1851, the first notable observational
improvement came in 1878 when the U.S. Signal Corps began
consistently tracking hurricanes (Vecchi and Knutson 2008). This
improvement is noted in simple counts of Atlantic hurricanes,
with only one season from 1851 to 1877 recording more than
seven hurricanes. For reference, the 1991-2020 Atlantic hurricane
season average was seven hurricanes. These storms were also
tracked farther east in the Atlantic beginning in 1878, allowing
for larger ACE values to be generated by individual storms. For
example, the largest ACE value in HURDAT2 from 1851 to 1877
was 88.4 x 10* kt? in 1871, while from 1878 to 1899, 12 years had
ACE values exceeding 100 x 10* kt2.

The continental United States landfalling hurricane record
does extend back to 1851, but the record is likely incomplete
prior to 1900 when the entire U.S. coastline from Texas to Maine
was sufficiently populated to accurately record hurricane landfall
intensities. Prior to ~1900, when hurricanes made landfall in
sparsely populated portions of the coastline, they may have been
incorrectly classified as tropical storms at landfall (Landsea 2015).

Another notable improvement in Atlantic hurricane obser-
vations came with the initiation of routine aircraft reconnais-
sance in 1944 (Hagen et al. 2012) following the pioneering
flight of Joseph Duckworth and Ralph O'Hair into a 1943 hur-
ricane in the Gulf of Mexico. Aircraft reconnaissance enabled

more accurate estimates of storm intensities, especially in the
western Atlantic when storms were threatening land. Aircraft
would also fly east from the Lesser Antilles to assess develop-
ing tropical depressions and tropical storms. Reconnaissance
of Atlantic TCs has become more frequent in the past few
decades, and the techniques used by aircraft to observe TCs
have become much more sophisticated, now including the
use of Global Positioning System (GPS) dropsondes and the
Stepped Frequency Microwave Radiometer to assess surface
wind speed.

The advent of polar-orbiting satellites in the mid-1960s
provided one of the most significant improvements in Atlantic
hurricane observations. These satellites observed Atlantic TCs
multiple times per day, and this frequency further improved
with geostationary satellite imagery beginning in the mid-
1970s. The development of the Dvorak technique (Dvorak 1975)
supported consistent interpretation of TC intensity from
satellite imagery. Consequently, since the early to mid-1970s,
Atlantic hurricane counts and ACE are likely mostly reliable.

Since ~2000, the availability of scatterometer winds and the
cyclone phase space diagram has helped forecasters identify
weaker TCs that may have gone undetected earlier in the Atlantic
TC record. These developments have led to a nonphysical increase
in short-lived named storms (e.g., named storms lasting two days
or less), as noted by Landsea et al. (2010) and more recently by
Schreck et al. (2021). On average, ~2 short-lived storms per year
are named with today’s technology than likely would have been
named prior to ~2000. All of these technological developments,
as well as others noted in Fig. SB1, should be accounted for when
examining TC trends using HURDAT2 and associated Atlantic
hurricane datasets.

Technological

Improvements for
Monitoring Tropical
Storms and Hurricanes

Objective/Advanced Dvorak Technique

GOES-16 and GOES-17 Geostationary Satellites
Advanced Microwave Sounding Unit/SATCON
Stepped Frequency Microwave Radiometer
Cyclone Phase Space Diagrams

' Scatterometers

“90% Rule” for Surface Winds

Global Positioning System Dropsondes

_Polar Orbiting Satellites
Coastal Weather Radars

| Hurricane Hunter Aircraft

[Ships at Sea with Two-way Radio

Weather Stations and Ship Logs (after the storm)

1878 1888 1898 1908 1918 1928

1938 1948

1958 1968 1978 1988 1998 2008 2018

Year

Fig. SB1. Major technological improvements since the start of the Atlantic hurricane da-
tabase (HURDAT?2) in 1851. Figure courtesy of Chris Landsea.
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of three (set in 2005 and tied in 2010). Also, three named storms intensified by =65 kt in 24
h (Delta, Eta, and Iota). Only one named storm on record in Oct—Nov had intensified at such
a rate prior to 2020 (Wilma in 2005, which intensified by 95 kt in 24 h).

Environmental conditions were more favorable than average in October in the western At-
lantic including the Gulf of Mexico and Caribbean and were extremely favorable in November
in the western Caribbean. October vertical wind shear, SST, and potential intensity all ranked
in the 10 most favorable years since 1979 in both the western Caribbean and Gulf of Mexico.
In November, large-scale conditions were extremely favorable in the western Caribbean and
less favorable elsewhere. Vertical wind shear, midlevel humidity, and potential intensity in
the western Caribbean were at or near their most favorable November values on record. When
compared with the very active late western Caribbean TC season of 2005, large-scale environ-
mental conditions were generally more conducive in the western Caribbean in October 2020
than they were in October 2005, and environmental conditions were much more conducive
in November 2020 than they were in November 2005. The MJO likely enhanced convection
and suppressed vertical wind shear over the western Caribbean from late October through
mid-November of 2020, assisting in the intensification of Eta and Iota.

The extremely active late season in the Caribbean would have been well anticipated by a
two-predictor model using the July-September—averaged ENSO longitude index and Atlantic
warm pool SSTs as predictors. This two-predictor model explained ~60% of Oct—Nov Carib-
bean ACE variability from 1979 to 2019 and would have predicted an Oct-Nov Caribbean
ACE of 27 x 10* kt? in 2020, just below the 33 x 10* kt? that was observed and well above the
1979-2019 average of 6 x 10* kt2. Colorado State University intends to begin issuing Oct—-Nov
Caribbean TC forecasts using this two-predictor model in 2021.
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