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Earlier onset of North Atlantic hurricane season
with warming oceans
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Numerous Atlantic basin tropical cyclones have recently developed prior to the official start
of hurricane season, including several pre-season landfalls in the continental United States.
Pre-season and early-season tropical cyclones disproportionately affect populated land-
masses, often producing outsized precipitation impacts. Here we show a significant trend
towards earlier onset of tropical cyclone activity in the North Atlantic basin, with threshold
dates of the first three percentiles of accumulated cyclone energy shifting earlier at a rate
exceeding five days decade~! since 1979, even correcting for biases in climatology due to
increased detection of short-lived storms. Initial threshold dates of continental United States
named storm landfalls have trended earlier by two days decade™! since 1900. The trend
towards additional pre-season and early-season activity is linked to spring thermodynamic
conditions becoming more conducive for tropical cyclone formation. Genesis potential index
value increases in the western Atlantic basin are primarily driven by warming ocean
temperatures.
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he current operational definition of the Atlantic hurricane

season (1 June-30 November) was chosen in 1965 to

capture the vast majority of tropical cyclone (TC) forma-
tions in the North Atlantic basin!, reflecting the strongly peaked
seasonal cycle of Atlantic TC activity?. The brief overlap of ver-
tical instability, mid-level relative humidity (RH), and vertical
wind shear (VWS) conditions favorable for TC genesis is
responsible for this intraseasonal distribution3, with over 85% of
accumulated cyclone energy (ACE; see Egs. 1 and 2 in Methods)
occurring between 1 August and 31 October. However, the
concept of a “hurricane season” lacks a precise definition, and
over 2012-2020, seven TCs developing before 1 June required
tropical storm watches or warnings for the continental United
States (CONUS).

Understanding trends in TC activity onset is important, as
early-season storms disproportionately impact populated areas,
especially through excessive precipitation®>. Over 1979-2020,
41% of North Atlantic TCs developing before 1 August made
landfall in the CONUS as tropical storms or hurricanes (i.e.,
maximum sustained winds > = 34 kt), compared to 23% of all
other TCs. While only 6% of basin-wide ACE occurs prior to 1
August, 17% of ACE over or near the CONUS (USACE) occurs
prior to 1 August®. Prior studies of Atlantic TC season onset
yielded mixed results; one suggested initial named storm forma-
tion in a portion of the central and eastern Atlantic shifted earlier
by ~1 day year—! over 1980-20077, and another found no
broader trend for 1979-20148. A study investigating projected
changes in Atlantic TC season length obtained conflicting results
from different models®.

Technological advances in Atlantic TC detection complicate
trend assessment, as the historical record is likely missing 1-3
TCs year—! prior to 195010, and short-duration TCs are more
common since 200011, To address these biases in climatology, we
focus on Atlantic ACE in the era of geostationary satellite cov-
erage, high-quality reanalyses, and the consistent inclusion of
subtropical cyclones (1979-2020). We also examine running
averages of ACE since the advent of aircraft TC reconnaissance
(from ~1950). The CONUS landfall record is reliable from 1900
due to sufficient coastal observation density!2, with no long-term
interannual trend® so we use USACE to provide an impacts-
based perspective on variations in TC risk onset. In all analyses
involving ACE and storm count, we performed regressions
including as well as excluding short-lived TCs to quantify the
potential influence of observation bias.

To account for interannual and decadal variance in Atlantic
TC activity arising from a combination of natural internal
variability!® and external greenhouse gas and aerosol forcing!1?,
we use quantile regression to investigate trends in the intrasea-
sonal distribution of ACE and USACE. Quantile regressions
estimate how the expected date of reaching each ACE and
USACE percentile threshold has changed while controlling for
variability in overall TC activity and limiting the influence of
outliers. This method has been used to examine changes in TC
formation date”8, maximum intensity!®, and intensification
rate!”. ACE and USACE are well-suited for quantile regression
because energetic metrics are continuous and more heavily weight
longer-lasting, intense, and societally impactful storms.

Using these techniques, here we show a significant trend
towards earlier onset of North Atlantic TC activity. Threshold
dates of the first three percentiles of ACE shift earlier at a rate
exceeding 5 days decade™! since 1979, and by ~2 days decade~!
for initial CONUS. named storm landfall threshold dates since
1900. Quantile regression analysis shows that this additional pre-
season and early-season activity is linked to spring thermo-
dynamic conditions becoming more conducive for TC formation,
as measured by several genesis potential indices, with these

changes primarily driven by warming ocean temperatures in the
western Atlantic basin. This research supports revising the
bounds of the operational Atlantic hurricane season to potentially
include portions of May.

Results
Season onset trend assessment. We interrogate potential changes
in Atlantic TC season onset with time using several methods. The
simplest is to examine the record of initial storm formation and
landfall dates. The development of the first Atlantic named storm
is trending earlier at a rate of 1.2 days year—! (p <0.005) over
1979-2020 (Supplementary Fig. 1), or 1.4 days year—! (p <0.001)
excluding short-lived TCs!!. The first CONUS landfall has tren-
ded earlier at a rate of 0.22 days year—! over 1900-2020 (p < 0.05).
This trend has reduced the proportions of both TC occurrence
and TC impacts within the official Atlantic hurricane season.
Over 1971-2020, 96% of CONUS landfalls occurred between 1
June-30 November, compared with 99% during 1921-1970
(Supplementary Fig. 2). In-season named storm formations fell to
a low of 96%, and in-season named storm days, ACE, and
USACE also declined to near-minima for 1971-2020 means.
Regressions of Atlantic ACE percentile threshold dates against
year over 1979-2020 show no significant shift in the distribution
of activity over most of the hurricane season (Fig. la). For
instance, there is no trend in the date Atlantic ACE is expected to
reach the 10%, 50%, or 90% completion thresholds. However, the
1st-3rd ACE percentile threshold dates trend earlier at a rate of
0.5-1.0 day year~! (p <0.05 for 2nd-3rd percentiles, p <0.01 for
Ist percentile) over 1979-2020. Excluding short-lived TCs
(Supplementary Fig. 3), the trend strengthens to ~1 day year™!
earlier for the 1st-3rd ACE percentiles (p <0.01). For CONUS
landfalls, the 1st-2nd USACE percentile threshold dates over
1900-2020 are trending earlier by 0.2 days year—! (p < 0.05). The
close agreement between initial percentile threshold trends and
the season onset trendlines (Supplementary Fig. 1) suggests the
primary importance of initial formation and landfall events on
observed shifts in the first few percentile threshold dates.
Although trend detection can be sensitive to timeseries
length®18, shifts in season onset are robust across variations in
initial year of the quantile regression. Changing the start year and
fixing the end year at 2020, Atlantic ACE 1st percentile threshold
date trends earlier at a rate of 0.15-0.5 days year—! for starting
years 1950-1965, and 0.5-1.0 days year—! (p<0.05) for start
years 1965-1987 (Fig. 1b). Results are substantially similar when
excluding short-lived TCs, with trends of 0.5-1.5 days earlier
year—! (p<0.05) for starting years after 1970 (Supplementary
Fig. 3). Trends are significant for USACE 1st percentile threshold
date for all windows, shifting 0.2-0.75 days year—! earlier
(p <0.05) for 1900-1969 start years, increasing to 0.75-2.0 days
year—! earlier (p <0.01) for 1970-1990 (Fig. 1c) start years.

Quantifying environmental changes. To assess the physical
mechanisms underlying these shifts in Atlantic ACE and USACE
distribution, we consider the spring synoptic environment in the
western Atlantic (WATL) basin (10-36°N, 100-70°W) where pre-
season and early-season TC development is most common
(Supplementary Fig. 4). TC genesis depends on sea surface
temperature (SST), mid-level RH, conditional instability, low-
level relative vorticity, VWS, and the Coriolis force!; the first
three of these are thermodynamic terms, and the latter three are
dynamic terms. Genesis potential indices condense physical
parameters such as these into single metrics capturing the spatial,
intraseasonal, and interannual variability of TC climatology,
which is useful for estimating genesis and landfall risks?0. Here
we use the ECMWF Reanalysis v5%! and Extended Reconstructed
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Fig. 1 Quantile regressions of Accumulated Cyclone Energy (ACE) and ACE over the continental United States (USACE) with year. a Trend in days
year—! for Atlantic ACE 1st-99th percentile threshold dates between 1979-2020. Light, medium, and dark blue shading designate 99%, 95%, and 90%
confidence intervals. b Trend in days year—! of 1st percentile threshold dates of ACE for starting years 1950-1990 and ending year 2020. Shading as in
Fig. Ta. € As in Fig. 1b, with USACE and starting years 1900-1990. Light, medium, and dark red shading designate 99%, 95% and 90% confidence

intervals (Cl).

SST, version 522 datasets to examine the relationship between
ACE and USACE threshold dates, and Genesis Potential
Indices?3** (GPIs; see Eqs. 3, 4, and 5 in Methods) and their
constituent environmental factors associated with TC formation?.

Quantile regressions of Atlantic ACE percentile threshold dates
against mean WATL spring (April-May) values of GPI*? are
shown in Fig. 2a. Higher spring GPI values are linked to earlier
threshold dates for the first ten percentiles of ACE (p <0.05) at a
rate of 20-30 days earlier per marginal unit of GPI in the region
where season onset TC activity is most frequent. Excluding short-
lived TCs causes little change to the relationship between initial
ACE percentile threshold dates and spring GPI (Fig. 2c).
Repeating this regression for USACE vyields similar results
(Fig. 2b), with higher spring GPI associated with earlier threshold
dates for the first three percentiles of USACE (p<0.05).
Substituting a different formulation of GPI24 does not change
the significance of the relationship between spring GPI and
Ist-3rd ACE and USACE percentile threshold dates (Supple-
mentary Table 1).

Figure 2d shows a significant trend toward WATL GPI?3 values
that are more conducive for early-season cyclogenesis since 1979
(p <0.05). With WATL spring GPI increasing ~0.1 units decade
~1 and quantile regression coefficients of ~25 days unit—!, GPI
changes are linked to a shift in initial ACE percentile threshold
dates of 10-15 days earlier over 1979-2020. Similarly, a quantile
regression coefficient of ~40 days unit~! for WATL spring GPI?3
onto USACE first percentile threshold date is related to a shift
earlier of 15-20 days in initial CONUS landfall since 1979

(Supplementary Table 1). For ACE, the corresponding implied
shift earlier in onset using GPI?# is around half of these values
due to this index having a smaller positive trend over 1979-2020.

The overall shift to a more favorable environment for early-
season TC genesis arises from individual changes in the
thermodynamic and dynamic genesis parameters!® included in
the GPIs?3-2>. Following previous attribution studies of TC
genesis>1923, we repeat the ACE and USACE quantile regressions
for each GPI component, using SST and 200-hPa temperature
(200 T) as surface- and outflow-level proxies for potential
intensity?®. These regressions (Fig. 3a-d) show that the relation-
ship between season onset and spring GPI is primarily modulated
by the thermodynamic terms: higher WATL spring SSTs and RH
are associated with significantly earlier threshold dates for the
first three ACE percentiles (p <0.01). Excluding short-lived TCs
further strengthens the relationship of season onset with SST and
does not alter the significance (p < 0.05) of the relationship with
RH (Supplementary Fig. 5). Higher SSTs and RH are linked to
earlier USACE thresholds for the first four and first eighteen
percentiles (p < 0.05), respectively (Supplementary Fig. 6). There
is no significant relationship between initial ACE or USACE
percentile threshold dates and spring WATL 200 T or VWS.

To estimate the marginal change in Atlantic TC season onset
attributable to each genesis parameter, we multiply the Ist
percentile ACE and USACE threshold date quantile regression
coefficients for each genesis parameter (Fig. 3a-d) by the WATL
trend of each parameter over 1979-2020 (Fig. 3e-h). As each
additional °C of WATL spring SST warming is expected to move

| (2022)13:4646 | https://doi.org/10.1038/s41467-022-31821-3 | www.nature.com/naturecommunications 3


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/541467-022-31821-3

g aAtlantic ACE 1979-2020 and Apr-May GPI ?_5 b U.S. ACE 1979-2020 and Apr-May GPI

£ 50t E 501

=} =}

g g

o 0 Pt o 0

z {"' “\Wm N P Y P o Y . W

T W ° St

£ £ ,11

° -50 ° -50

E 0 20 40 60 80 100 § 0 20 40 60 80 100
Percentile d Percentile

% ECE without short-lived TCs and Apr-May GPI ERA5 April-May GPI

=} = 1.

3 >

g 0 P e O o

% [ M — ", (2 0.8

2 Pl s 06/ | __--4

5 -50 204

E 0 20 40 60 80 100 1980 1990 2000 2010
Percentile

Fig. 2 Quantile regressions of tropical cyclone (TC) activity with western Atlantic basin spring Genesis Potential Index (GPI) values. Trends of
1st-99th percentile threshold date between 1979-2020 in days per April-May mean unit of GPI23 over 10-36°N, 100-70°W for (a) Atlantic Accumulated
Cyclone Energy (ACE), (b) ACE over the continental United States (USACE), and (c) Atlantic ACE excluding short-lived TCs. d Mean values of April-May
GPI from ERAS reanalysis over 10-36°N, 100-70°W for 1979-2020, with the linear trend displayed with a dashed line. Light, medium, and dark shading
indicates the 99%, 95%, and 90% confidence intervals, as in Fig. 1.
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Fig. 3 Quantile regressions of Accumulated Cyclone Energy (ACE) with genesis parameters. Trends of Atlantic ACE 1st-99th percentile threshold date
between 1979-2020 in days per April-May mean (a) sea surface temperatures (SST; °C), (b) 200 hPa temperatures (°C), () 600-hPa relative humidity
(RH; %), (d) 850-200-hPa vertical wind shear (VWS; ms=1) over 10-36°N, 100-70°W. Mean values of April-May (e) ERSSTv5 SST (°C), (f) ERA5 200
hPa temperatures (°C), (g) ERA5 RH (%), and (h) ERA5 VWS (ms~") over 10-36°N, 100-70°W for 1979-2020. Light, medium, and dark blue shading in
(a-d) indicates the 99%, 95%, and 90% confidence intervals, as in Fig. 1.
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occurrence- and impacts-based season onset ~35 days sooner,
observed SST changes alone imply a shift around 25 days earlier
for the Ist percentile ACE and USACE threshold dates over
1979-2020. Threshold date shifts due to 200 T, RH, and VWS are
an order of magnitude lower than for SST and are not
significantly different from zero for either ACE or USACE
(Supplementary Table 1). The predicted shifts in occurrence- and
impacts-based measures of season onset linked to changes in SST
broadly match the observed 20-day difference between the
median date of the first ACE percentile over 1979-1999 (6 July)
and 2000-2020 (16 June), and the 31-day difference in the
median 1Ist percentile USACE threshold dates (22 July and 20
June) for the same periods.

Discussion

These results show a significant change in spring WATL GPI over
1979-2020. Further interrogating the causes of these GPI chan-
ges, our findings support earlier research suggesting that
instability and RH modulate a broad slate of occurrence- and
impacts-based measures of Atlantic TC season onset>. While both
spring WATL SST and RH influence initial ACE and USACE
threshold dates, only SST shows a significant trend since 1979,
with no observed change in RH. Furthermore, warmer detrended
April-May mean WATL SSTs are significantly linked to earlier
detrended 1st percentile ACE threshold dates after removing
short-lived TCs (not shown; p<0.05). This finding provides
evidence that the relationship between SSTs and season onset
exists independently of recent trends. Thus, increasing upper-
ocean temperatures are likely the primary driver of additional
pre-season and early-season Atlantic TC activity in recent dec-
ades, mostly manifesting as a shift earlier in initial TC formation
and CONUS landfall dates.

While a portion of the increased instability driven by higher
SSTs (Fig. 3e) is offset by 200 T warming (Fig. 3f), both WATL
SST and WATL 200 T are increasing by ~0.15 °C decade™! since
1979. For moist adiabatic lapse rate adjustment to yield constant
column stability, rates of upper-tropospheric warming need to be
approximately double that of SSTs?’. Therefore, reanalysis data
indicate an increase in mean spring WATL instability over
1979-2020. In the 2010s, the majority of the WATL reached the
approximate convective threshold for TC genesis?®2? in non-
baroclinic synoptic environments’® ~15 days prior to the
majority of the WATL reaching that threshold before 1990
(Supplementary Fig. 7). Pre-season TC formation also pre-
ferentially occurs in years with greater spatial extent of WATL
thermodynamic conditions permissible for genesis in May, likely
due to the increased probability a precursor disturbance will enter
an environment conducive to further organization.

Quantile regression shows spring WATL SSTs are strongly
associated with more pre-season and early-season ACE and
USACE, roughly explaining observed changes in season onset
over 1979-2020. Spring WATL SST warming trends have accel-
erated to 0.3°C decade™! since 1995 (Supplementary Fig. 4),
suggesting that the threshold dates for the earliest percentiles of
ACE and USACE might continue to shift earlier, irrespective of
any changes in annual activity. While these initial percentiles
comprise a small proportion of total Atlantic TC activity, early
season TCs can have outsized societal impacts that do not neatly
map to any quantitative metric; Hurricane Agnes (1972) and
Tropical Storm Allison (2001) are two satellite-era examples of
extreme TC precipitation events within the opening weeks of
hurricane season.

Figure 4 shows the objectively-determined hurricane season
start and end dates that most compactly encompass several
thresholds of various Atlantic TC activity metrics using 50-year

running averages. This quantitative approach to defining season
length demonstrates long-term trends earlier in optimized start
dates based on initial Atlantic named storm formations, initial
CONUS named storm landfalls, and USACE, all of which suggest
hurricane season could empirically be defined as beginning prior
to 1 June based on 1971-2020 climatology. Additional SST
increases may exacerbate the existing mismatch between the
effective annual onset of TC risks to populated landmasses and
the current operational start of the hurricane season, potentially
moving the initial date of Atlantic TC formation earlier by
~0.5-1.0 days year—1.

Methods

Historical tropical cyclone data. All historical data for Atlantic tropical cyclones
are taken from the HURDAT? dataset? for 1900-2020. Historical CONUS tropical
storm watch and warning information is found in the National Hurricane Center
Tropical Cyclone Reports for each 1 April to 31 May TC forming over the period
2012-2020 for which CONUS watches or warnings were required3!-37.

ACE is an integrated metric accounting for frequency, intensity and duration of
storms. ACE3® calculations are performed from the six-hourly HURDAT2
intensity data, with the ACE contribution for each six-hourly maximum sustained
wind v in knots calculated:

VZ

10000

and all entries for which a TC or subtropical cyclone (STC) has v > = 34 knots
summed to yield annual totals. Extratropical cyclone data are not considered.

USACE calculations are performed as described in the methodology of ref. 6.
Beginning from the HURDAT?2 data, we consulted the Atlantic Oceanographic and
Meteorological Laboratory hurricane landfall list*® to identify systems that
impacted the CONUS during 1966-1981 when HURDAT?2 does not explicitly
include landfall points. We then used existing track maps to qualitatively estimate a
landfall position and intensity data point to the nearest hour, which we manually
added to HURDAT?2 dataset for these storms. These position and intensity data
were linearly interpolated to one-hour temporal resolution. We use this hourly data
set to calculate hourly ACE from maximum sustained winds v in knots by:

ACE = 1)

2
CE, = @
"™ 60000 )

To yield an annual time series of USACE, we applied a spatial land mask to this
hourly ACE metric to exclude all TC positions farther than 0.5° from any part of
the CONUS. We selected the 0.5° buffer to correspond to the typical radius of
maximum winds of a mature TC and to account for possible small observation
errors, particularly early in the record®’. For the purpose of counts, we consider a
“landfall” as the center of circulation of a TC or STC with v > = 34 knots passing
within 0.5° of CONUS for any one-hour interpolated timestep. An individual TC
or STC may make multiple CONUS landfalls, but only may make a maximum of
one landfall in each of the coastal regions shown in Fig. 4a from ref. 6. To find
annual values of USACE, we summed this series over the CONUS and temporally
over each hour of the year. All timeseries, distributions, and counts in this paper
consider the annual cycle of TC activity as beginning at 0000 UTC on 1 March of
the given year and terminating at 2359 UTC on 28 or 29 February of the
succeeding year. This choice is made to best align with the mean annual minimum
of North Atlantic SSTs, and therefore January and February TC activity such as
2016’s Hurricane Alex*! is considered to be part of the previous year’s annual cycle
of North Atlantic TC activity. January-February TC and STC formations are less
than 0.5% of total annual formations over 1950-2020.

Quantile regression and trend calculations. Trends in initial Atlantic named storm
date were calculated from ordinary least squares regression of the annual series of
the number of six-hour periods between 0000 UTC 1 March and the first six-
hourly HURDAT2 TC or STC with sustained winds > = 34 knots against year,
subsequently converted back into a rate of days year—L. This calculation was
repeated to exclude any TC or STC with fewer than 8 six-hourly HURDAT? entries
with maximum sustained winds > = 34 knots in order to test the influence of short-
lived systems on the overall trend. Trends in initial CONUS impact date were
calculated from ordinary least squares regression of the annual series of the number
of one-hour periods between 0000 UTC 1 March and the first one-hourly inter-
polated HURDAT2 TC or STC entry with sustained winds > = 34 knots passing
within 0.5° or less of CONUS against year, converted back into a rate of days
year~—L. The significance of all trends was assessed with a Mann-Kendall test*243.
Proportions of TC activity occurring within the current official definition of hur-
ricane season are reported as the percentage of all 1 March-28/29 February TC and
STC initial formations with sustained winds > = 34 knots, CONUS TC and STC
landfalls with sustained winds > = 34 knots, named storm days, ACE, and USACE,
occurring between 0000 UTC 1 June and 2359 UTC 30 November. These data are
calculated in 50-year trailing average windows to account for multi-decadal
variability in Atlantic TC activity!3.
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Fig. 4 Objectively determined Atlantic hurricane season bounds. a, ¢, e Starting and (b, d, f) ending dates of the most compact timeframe capturing (a, b)
95%, (¢, d) 97%, and (e, f) 99% of tropical cyclone (TC) activity, as defined by Atlantic Accumulated Cyclone Energy (ACE), ACE over the continental
United States (USACE), named storm (NS) formations, named storm formations excluding short-lived TCs, named storm days, continental United States
(CONUS) named storm landfalls, and Atlantic ACE excluding short-lived TCs. Objective calculation of dates are performed using timeseries with 50-year
trailing averages of activity and 15-day smoothing of intraseasonal climatology. Trailing averages begin with 1900-1949 for landfalls and USACE, and

1950-1999 for all other metrics.

Trends in percentile threshold dates for ACE (both a climatology in which
short-lived TCs are included, and one in which they are excluded per the criteria
above) and USACE are found using quantile regression*. Quantiles divide the
threshold dates at which the specified percentage of total annual ACE and USACE
is reached, here ranging from 1% to 99% at intervals of 1%, into equal subsets.
Quantile regression applies ordinary least-squares regression to conditional
quantiles of the ACE and USACE response variables, which are taken at regular
intervals from the cumulative distribution of ACE and USACE over 1979-2020 and
1900-2020, respectively, for regressions performed against year. The sensitivity of
the calculated trend to the choice of timeseries length is tested by repeating this
quantile regression methodology for initial years of the cumulative distribution
functions for ACE of 1950-1990 and USACE of 1900-1990, with a fixed ending
year of 2020.

Quantile regression synoptic environment sensitivity tests. The dependence of ACE
and USACE percentile threshold dates on synoptic environmental factors is tested
by performing quantile regressions of these response variables against GPI, SST,
200 T, RH, and VWS. These regressions are performed from the cumulative dis-
tribution functions of ACE and USACE over 1979-2020, due to the superior
quality of global re-analyses onward from 1979. The SST timeseries used in the
quantile regressions is calculated from April and May monthly mean ERSSTv5%2
SST fields, averaged over 10-36 °N, 100-70 °W excluding the portions of this box
over the Pacific Ocean. The spatial resolution of ERSSTv5 is 2°. RH, 200 T, and
VWS timeseries are calculated from April and May monthly mean ERA5?! fields.
The primary GPI timeseries used in this study?? is calculated from April and May
monthly mean ERA5 fields. The GPI value is calculated at each 0.25° gridpoint in
this box per the equation23-25;

RH\’ /PI\’
GPI = abs(10°n)*+( — | *( == ] *(1 +0.1VWS)™? (3)
50 70
with n the absolute 850-hPa vorticity, RH the 700-hPa RH, PI the potential
intensity, a theoretical TC intensity maximum given SST and a specified

atmospheric column?>4>, and VWS is the vertical wind shear between 850 and 250
hPa. The GPI statistic was developed using a fitting procedure of these variables in
the NCEP/NCAR Reanalysis®® to the seasonal and spatial climatological record of
global cyclogenesis events. These gridpoint GPI values are then averaged over
10-36°N, 100-70°W separately for April and May, and the two months are then
averaged to yield the GPI timeseries used in the quantile regressions.

An alternative form of GPI?* was used at several points in this study for
comparative purposes using the same data sources described above. This
construction of GPI is of the form:

GPI = n® * x5 % (MAX((PI — 35ms "), o)2 *(25ms +VWS) Tt (@)
with n, PI, and VWS as above, and

Sb~ Sm
2= )
0~ Sp
with x a measure of moist entropy deficit in the middle troposphere and sy, s, and
s"o moist entropies of the boundary layer and middle troposphere, and saturation
moist entropy of the sea surface?4.

TC genesis SST threshold and SST trends. Because daily SST values are not available
from the ERSSTv5 dataset, spatial coverage of the 26.5 °C threshold value is cal-
culated from daily mean ERA52! SST fields, which have a spatial resolution of
0.25°. ERA5 SST's are drawn from several different analyses over the period 1950-
2020, including HadISST2.1.0.0 prior to 1961, HadISST2.1.1.0 between 1961 and
mid-200747, and OSTIA since mid-200748. The native temporal resolutions of these
analyses are one month, five days, and one day, respectively. However, because
SSTs change slowly with time, using these datasets downscaled to a uniform daily
resolution is unlikely to introduce significant observational bias into the SST
threshold analysis. The proportion of the 10-36°N, 100-70°W box for which this
criterion is satisfied is calculated by applying a land mask and excluding the Pacific
Ocean and dividing the number of daily gridpoints exceeding 26.5 °C by the total
number of non-land, non-Pacific gridpoints. Trends of ERSSTv5 monthly mean
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SSTs are calculated from ordinary least squares regressions against year. Box or
global average SST trends are calculated after excluding land gridpoints. Supple-
mentary Fig. 7 was the only instance in which ERA5 SST values rather than
ERSSTv5 monthly means were used as a source of SST values.

Optimized hurricane season bounds. Objective start and end dates for Atlantic
hurricane season are calculated from 50-year trailing average timeseries of named
storm formations, CONUS named storm impacts, Atlantic named storm days,
Atlantic ACE, and USACE, with a 15-day intraseasonal smoothing filter applied,
normalized by total activity within the window. This results in a daily timeseries of
the smoothed percentage of total TC activity occurring each day from 1 March-28/
29 February within the 50-year window. A middle-out algorithm begins at the
climatological peak of Atlantic TC activity in mid-September and adds one day at a
time to the objective season until the period encompassing the fewest contiguous
days for a specified percentage activity threshold is met. The thresholds tested are
95%, 97%, and 99% of total activity for each of the TC metrics.

Data availability

Cited source data is available at the following; National Hurricane Center Tropical Cyclone
Reports: https://www.nhc.noaa.gov/data/#tcr. ERSSTV5: https://www.ncei.noaa.gov/pub/
data/cmb/ersst/v5/; HURDAT2: https://www.aoml.noaa.gov/hrd/hurdat/hurdat2.html;
ERADS: https://cds.climate.copernicus.eu/#!/search?text=ERA5&type=dataset.

Code availability

All scripts and data used to generate the figures shown in this paper are freely available at
http://www.weathertiger.com/seasonshiftcode. These scripts may not be used for
commercial purposes.

Received: 12 November 2021; Accepted: 1 July 2022;
Published online: 16 August 2022

References

1. Hurricane Research Division, frequently asked questions about Hurricanes:
When Is Hurricane Season? https://www.aoml.noaa.gov/hrd-faq/#when-is-
hurricane-season (2020).

2. Landsea, C. & Franklin, J. Atlantic hurricane database uncertainty and
presentation of a new database format. Mon. Wea. Rev. 141, 3576-3592 (2013).

3. DeMaria, M., Knaff, ]. & Connell, B. A tropical cyclone genesis parameter for
the Tropical Atlantic. Wea. Forecast. 16, 219-233 (2001).

4. Wright, D., Knutson, T. & Smith, J. Regional climate model projections of
rainfall from U.S. landfalling tropical cyclones. Clim. Dyn. 45, 3365-3379 (2015).

5. Knutson, T. et al. Tropical Cyclones and Climate Change Assessment: Part II:
Projected response to anthropogenic warming. Bull. Am. Meteor. Soc. 101,
E303-E322 (2020).

6. Truchelut, R. & Staehling, E. An energetic perspective on United States
tropical cyclone landfall droughts. Geophys. Res. Lett. 44, 12013-12019 (2017).

7. Kossin, J. Is the North Atlantic hurricane season getting longer? Geophys Res
Lett. 35, 3-5 (2008).

8. Karloski, J. & Evans, C. Seasonal influences upon and long-term trends in the
length of the Atlantic hurricane season. J. Clim. 29, 273-292 (2016).

9.  Dwrer, J. et al. Projected Twenty-First-Century changes in the length of the
tropical cyclone season. J. Clim. 28, 6181-6192 (2015).

10. Vecchi, G. & Knutson, T. On estimates of historical North Atlantic tropical
cyclone activity. J. Clim. 21, 3580-3600 (2008).

11. Landsea, C. et al. Impact of duration thresholds on Atlantic tropical cyclone
counts. J. Clim. 23, 2508-2519 (2010).

12. Landsea, C. Counting Atlantic tropical cyclones back to 1900. Eos 88, 197
(2007).

13. Goldenberg, S. et al. The recent increase in Atlantic hurricane activity: causes
and implications. Science 293, 474-479 (2001).

14. Walsh, K. et al. Tropical cyclones and climate change. Trop. Cyclone Res. Rev.
8, 240-250 (2019).

15. Murakami, H. et al. Detected climatic change in global distribution of tropical
cyclones. Proc. Natl Acad. Sci. USA 117, 10706-10714 (2020).

16. Elsner, J., Kossin, J. & Jagger, T. The increasing intensity of the strongest
tropical cyclones. Nature 455, 92-95 (2008).

17. Bhatia, K. et al. Recent increases in tropical cyclone intensification rates. Nat.
Commun. 10, 635 (2019).

18. Loehle, C. & Staehling, E. Hurricane trend detection. Nat. Hazards 104,
1345-1357 (2020).

19. Gray, W. Tropical cyclone genesis, Colorado St. U. Dept. of Atmos. Sci. Paper
#234 (1975).

20. Staehling, E. & Truchelut, R. Diagnosing United States hurricane landfall risk:
an alternative to count-based methodologies. Geophys. Res. Lett. 43,
8798-8805 (2016).

21. Huang, B. et al. Extended Reconstructed Sea Surface Temperature, Version 5
(ERSSTV5): upgrades, validations, and intercomparisons. J. Clim. 30,
8179-8205 (2017).

22. Hersbach, H. et al. The ERA5 global reanalysis. Q/RMS 146, 1999-2049
(2020).

23. Camargo, S., Emanuel, K. & Sobel, A. Use of a genesis potential index to
diagnose ENSO effects on tropical cyclone genesis. J. Clim. 20, 4819-4834
(2007).

24. Emanuel, K. Tropical cyclone activity downscaled from NOAA-CIRES
reanalysis, 1908-1958, JAMES 2, https://doi.org/10.3894/JAMES.2010.2.1.

25. Emanuel, K. & Nolan, D. Tropical cyclone activity and the global climate
system. Preprints, 26th Conf. on Hurricanes and Tropical Meteorology,
Miami, FL, Amer. Meteor. Soc., CD-ROM, 10A.2 (2004).

26. Bister, M. & Emanuel, K. Dissipative heating and hurricane intensity. Meteor.
Atmos. Phys. 65, 233-240 (1998).

27. Johnson, N. & Xie, S. Changes in the sea surface temperature threshold for
tropical convection. Nat. Geosci. 3, 842-845 (2010).

28. Palmen, E. On the formation and structure of tropical cyclones. Geophysica 3,
26-38 (1948).

29. Gray, W. Global view of the origin of tropical disturbances and storms. Mon.
Wea. Rev. 96, 669-700 (1968).

30. McTaggart-Cowan, R. et al. Revisiting the 26.5 °C sea surface temperature
threshold for tropical cyclone development. Bull. Am. Meteor. Soc. 96,
1929-1943 (2015).

31. Pasch, R. Tropical Cyclone Report: Tropical Storm Alberto. https://www.nhc.
noaa.gov/data/tcr/AL012012_Alberto.pdf (2012).

32. Beven, J. Tropical Cyclone Report: Tropical Storm Beryl. https://www.nhc.noaa.
gov/data/tcr/AL022012_Beryl.pdf (2012).

33. Stewart, S. National Hurricane Center Tropical Cyclone Report: Tropical Storm
Ana. https://www.nhc.noaa.gov/data/tcr/AL012015_Ana.pdf (2015).

34. Brennan, M. National Hurricane Center Tropical Cyclone Report: Tropical
Storm Alberto https://www.nhc.noaa.gov/data/tcr/AL022016_Bonnie.pdf
(2016).

35. Berg, R. National Hurricane Center Tropical Cyclone Report: Tropical Storm
Alberto. https://www.nhc.noaa.gov/data/tcr/AL012018_Alberto.pdf (2018).

36. Latto, A. National Hurricane Center Tropical Cyclone Report: Tropical Storm
Arthur. https://www.nhc.noaa.gov/data/tcr/AL012020_Arthur.pdf (2020).

37. Cangialosi, ].P. National Hurricane Center Tropical Cyclone Report: Tropical
Storm Bertha. https://www.nhc.noaa.gov/data/tcr/AL022020_Bertha.pdf
(2020).

38. Bell, G. et al. Climate assessment for 1999. Bull. Am. Meteor. Soc. 81, S1-S50
(2000).

39. Hurricane Research Division, Continental United States Hurricane Impacts/
Landfalls, 1851-2019, https://www.aoml.noaa.gov/hrd/hurdat/All_U.S._
Hurricanes.html (2020).

40. Torn, R. & Snyder, C. Uncertainty of tropical cyclone best-track information.
Wea. Forecast. 27, 715-729 (2012).

41. Blake, E. National Hurricane Center Tropical Cyclone Report: Hurricane Alex,
https://www.nhc.noaa.gov/data/tcr/AL012016_Alex.pdf (2016).

42. Mann, H. Nonparametric tests against test. Econometrica 13, 245-259 (1945).

43. Kendall, M. Rank Correlation Methods, Oxford University Press, New York,
NY, U.S.A. (1975).

44. Koenker, R. & Hallock, K. Quantile regression. J. Econ. Perspect. 15, 143-156
(2001).

45. D. Gilford, pyPI (v1.3): Tropical cyclone potential intensity calculations in
Python, Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2020-279,
accepted (2021).

46. Kalnay, E. et al. The NCEP/NCAR 40-year reanalysis project. Bull. Am.
Meteor. Soc. 77, 437-472 (1996).

47. Titchner, H. & Rayner, N. The Met Office Hadley Centre sea ice and sea
surface temperature data set, version 2: 1. Sea ice concentrations. J. G. R.
Atmospheres 119, 2864-2889 (2014).

48. Donlon et al. The Operational Sea Surface Temperature and Sea Ice Analysis
(OSTIA) system. Remote Sens. Env. 116, 140-158 (2012).

Acknowledgements

This work has been supported by the G. Unger Vetlesen Foundation (P.J.K.), National
Science Foundation award AGS-2011812 (K.M.W.), NOAA awards NA19OAR4590135
and NA18NWS4680066 (D.J.H.), and NOAA via the Cooperative Institute for Satellite
Earth System Studies under Cooperative Agreement NA19NES4320002 (C.J.S.).

| (2022)13:4646 | https://doi.org/10.1038/541467-022-31821-3 | www.nature.com/naturecommunications 7


https://www.nhc.noaa.gov/data/#tcr
https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/
https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/
https://www.aoml.noaa.gov/hrd/hurdat/hurdat2.html
https://cds.climate.copernicus.eu/#!/search?text=ERA5&type=dataset
http://www.weathertiger.com/seasonshiftcode
https://www.aoml.noaa.gov/hrd-faq/#when-is-hurricane-season
https://www.aoml.noaa.gov/hrd-faq/#when-is-hurricane-season
https://doi.org/10.3894/JAMES.2010.2.1
https://www.nhc.noaa.gov/data/tcr/AL012012_Alberto.pdf
https://www.nhc.noaa.gov/data/tcr/AL012012_Alberto.pdf
https://www.nhc.noaa.gov/data/tcr/AL022012_Beryl.pdf
https://www.nhc.noaa.gov/data/tcr/AL022012_Beryl.pdf
https://www.nhc.noaa.gov/data/tcr/AL012015_Ana.pdf
https://www.nhc.noaa.gov/data/tcr/AL022016_Bonnie.pdf
https://www.nhc.noaa.gov/data/tcr/AL012018_Alberto.pdf
https://www.nhc.noaa.gov/data/tcr/AL012020_Arthur.pdf
https://www.nhc.noaa.gov/data/tcr/AL022020_Bertha.pdf
https://www.aoml.noaa.gov/hrd/hurdat/All_U.S._Hurricanes.html
https://www.aoml.noaa.gov/hrd/hurdat/All_U.S._Hurricanes.html
https://www.nhc.noaa.gov/data/tcr/AL012016_Alex.pdf
https://doi.org/10.5194/gmd-2020-279
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Author contributions

RET., PJK, EM.S,, and CJ.S. conceptualized and designed the study. RE.T., P.J.K, and
K.M.W. curated the data and performed formal analysis. R.E.T. performed the investi-
gation and created the visualizations using a methodology developed by R.E.T., P.J.K,

EM.S,, KM.W,, and D.J.H. EM.S. and R.E.T. wrote the original draft, with RE.T., P.J.K,,
EM.S, KM.W,, DJ.H, CJ.S.,, and E.S.B. participating in the review and editing process.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-31821-3.

Correspondence and requests for materials should be addressed to Ryan E. Truchelut.
Peer review information Nature Communications thanks Clark Evans and the other,

anonymous, reviewer for their contribution to the peer review of this work. Peer reviewer
reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

8 | (2022)13:4646 | https://doi.org/10.1038/s41467-022-31821-3 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-022-31821-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Earlier onset of North Atlantic hurricane season with warming oceans
	Results
	Season onset trend assessment
	Quantifying environmental changes

	Discussion
	Methods
	Historical tropical cyclone data
	Quantile regression and trend calculations
	Quantile regression synoptic environment sensitivity tests
	TC genesis SST threshold and SST trends
	Optimized hurricane season bounds

	Data availability
	References
	Code availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




