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Abstract: Although anthropogenic climate change has contributed to warmer ocean temperatures that
are seemingly more favorable for Atlantic hurricane development, no major hurricanes made landfall
in the United States between 2006 and 2016. The U.S., therefore, experienced a major hurricane landfall
drought during those years. Using the high-resolution Geophysical Fluid Dynamics Laboratory 25 km
grid High-Resolution Forecast-Oriented Low Ocean Resolution (HiFLOR) global climate model, the
present study shows that increases in anthropogenic forcing, due to increases in greenhouse gasses,
are associated with fewer long-duration major hurricane landfall droughts in the U.S., which implies
an increase in major hurricane landfall frequency. We create six different fixed-distance ‘buffers’
that artificially circle the United States coastline in 100 km radial increments and can compensate
for the bias in hurricane landfall calculations with six-hourly datasets. Major hurricane landfall
frequencies are computed by applying the buffer zones to the six-hourly observed and simulated storm
track datasets, which are then compared with the observed recorded major hurricane frequencies.
We found that the major hurricane landfall frequencies generated with the 200 km buffer using
the six-hourly observed best-track dataset are most correlated with the observed recorded major
hurricane landfall frequencies. Using HiFLOR with an implemented buffer system, we found less
frequent projections of long-duration major hurricane landfall drought events in controlled scenarios
with greater anthropogenic global warming, which is independent on the radius of the coastal buffer.
These results indicate an increase in U.S. major hurricane landfall frequencies with an increase in
anthropogenic warming, which could pose a substantial threat to coastal communities in the U.S.
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1. Introduction

Notable for its high frequency of six major hurricanes (MHs), the 2017 Atlantic hurricane season
resulted in severe damage in the United States and Caribbean [1]. Of the six MHs that formed in the
North Atlantic, three made landfall in the North Atlantic. The two MHs that made landfall in the
continental U.S. (Hurricanes Harvey and Irma) resulted in approximately $178.5 billion normalized
economic damage [2,3]. Hurricane Harvey was the most devastating MH rainfall event ever recorded
in U.S. history, with regions in eastern Texas experiencing over 60 inches of rainfall; Hurricane Irma
was the strongest hurricane on record in the Atlantic Ocean Basin and cost the U.S. $51 billion [4–7].
Additionally in 2017, MH Maria devastated Puerto Rico, which resulted in approximately 5000 deaths
and $90 billion damage [6,8]. Hurricane Harvey also terminated an 11-year ‘drought’ during which
no MH had made landfall in the U.S. since Hurricane Wilma made landfall on 24 October 2005 [9,10].
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This was the longest period without a MH landfall event since reliable record availability, and a recent
study suggests that a drought of this duration is only expected to occur once every 400 years [11].

On the other hand, observed large-scale environmental factors had been favorable for tropical
cyclone (TC) and MH activity over the tropical Atlantic during the drought period. Emanuel and
Nolan [12] developed an empirical TC genesis potential index (GPI) and defined it as:

I =
∣∣∣105η

∣∣∣ 3
2

(
H

50

)3(Vpot

70

)3

(1 + 0.1Vshear)
−2,

where η is the absolute vorticity in s−1, H is the relative humidity at 700 hPa in percent, Vpot is the
potential intensity in m s−1, and Vshear is the magnitude of the vector shear from 850 to 200 hPa in m s−1.
This index can be a measure of favorable or unfavorable large-scale conditions for potential TC and
MH genesis. The larger GPI anomalies over the tropical Atlantic during the MH landfall drought
period (2006 to 2016) compared to the 1960s and 1970s reveal more favorable large-scale conditions
for TC and MH genesis during the MH landfall drought period (Figure S1). Furthermore, globally
seven of the ten warmest tropical sea surface temperature (SST) years on record took place during the
11-year MH landfall drought (from 2006 to 2016) [13]. These factors imply that during the MH landfall
drought, atmospheric and oceanic conditions were more favorable for TC and MH occurrence than in
previous decades [14–16]. Although the duration of this MH landfall drought is the longest on record,
the drought event cannot be considered robust, as recorded drought duration is heavily dependent on
the parameters used to define MH, such as maximum wind speed and minimal sea level pressure; by
altering the variables used to define a MH landfall event, the recorded MH landfall frequencies will
change [17].

Although a number of global climate models (GCMs) project a decrease in TC frequency in the
North Atlantic, as well as the global domain in the future, a greater proportion of the TCs in this basin
are predicted to be considered MH with a Saffir–Simpson Category 3 or higher rating [18–24], for
which most of the conventional GCMs are unable to simulate due to their coarse horizontal resolution.
Additionally, previous studies anticipate that with an increase in greenhouse gases in the atmosphere
and an increase in global temperatures, mean TC tracks in the North Atlantic could shift eastward,
leading to a decrease in the hurricane landfall frequencies in this basin [25–27]. We question whether
the aforementioned recent lack of MH landfall activity in the North Atlantic (2006 to 2016) occurred due
to anthropogenic global warming, intrinsic natural variability, or just occurred stochastically. We also
seek to assess the projected frequencies of MH landfall events with changes in anthropogenic forcing.

Previous studies reported that the Geophysical Fluid Dynamics Laboratory (GFDL) High
Resolution Forecast-oriented Low-ocean Resolution coupled model (HiFLOR) has skill in simulating
and predicting MHs in the North Atlantic and is a sound tool for MH analysis [28–33]. In this paper,
we utilize HiFLOR to investigate the projected change in U.S. MH landfall drought frequency with an
increase in anthropogenic forcing. Section 2 describes our methods for determining predicted MH
landfall drought occurrences with varying extensions of the U.S. coastline, and Section 3 describes our
findings. We conclude, in Section 4, with a discussion of our work, future research and the implications
of a projected decrease in long MH landfall droughts (an increase in MH landfall frequency) in the U.S.

2. Methods

2.1. Definition of Landfall and Observation Analysis

We seek to address potential biases in hurricane landfall frequencies derived from six-hourly
datasets like the National Hurricane Center’s HURDAT2 (http://www.aoml.noaa.gov/hrd/hurdat/Data_
Storm.html [34]) dataset or GCM outputs. In contrast to the Hurricane Research Division’s observed
landfall frequencies (http://www.aoml.noaa.gov/hrd/hurdat/UShurrs_detailed.html [9]), which utilize
the exact time and coordinate points of the storm’s landfall position in the landfall frequency calculation,
observed TC tracks and landfalls by HURDAT2 and simulated TC tracks and landfalls are detected
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using six-hourly outputs. The six-hourly datasets do not account for any hurricane activity and track
shifts in between the six-hourly checkpoints of the storm. The 6-hour lapse of time in between track
nodes could lead to inaccuracies in hurricane landfall calculations because the timing of a storm
crossing the coastline is not always detected in six-hourly time steps. Generally, TC intensity rapidly
decreases after it makes landfall. Therefore, if we define MH landfall events only for TCs over a
land surface with MH intensity at the time of a six-hourly node, we could overlook several MH
landfall events. Because the six-hourly HURDAT2 dataset and GCM outputs continue to be utilized to
analyze and predict catastrophic landfall activity, it is important that these mechanisms predict the
most accurate frequencies as possible. This is especially true for MH landfall frequencies because of
their destructive nature and the fact that mean MH landfall frequencies are typically low (<1.0) in the
U.S. [8]. Therefore, we seek to create a new system that analyzes hurricane landfall activity that is
suitable to adjust bias in six-hourly datasets. We also seek to use this system to understand the effects
of anthropogenic forcing on MH landfall frequencies in response to the 11-year MH landfall drought.

We changed the parameters of a landfall event with the creation of a ‘buffer’ system. Using a
Geographic Information System (GIS), QGIS, [35,36] we created 6 fixed-distance buffers that circled
the U.S. eastern coastal state border line with six different radii in 100 km increments; 0 km, 100 km,
200 km, 300 km, 400 km, and 500 km (Figure 1). This created a closed loop around the eastern coast of
the U.S., in both inward and outward directions. With each buffer, we defined a landfall event to occur
when a TC center crosses the artificial buffer, rather than the true coastline. In doing so, we included in
our statistics MHs that actually crossed coastlines with major hurricane intensity but were overlooked
in six-hourly datasets. We utilized the shapefile representing the 2015 U.S. coastline for our analysis.

Given the fact that the observed mean radius at which the azimuthal-mean winds speed is 12 m s–1

(r12) ranges between 125 km to 500 km for the TCs over the North Atlantic (Figure 4 in [37]), we stopped
expanding the buffer distance at 500 km for our analysis. However, this expansion of buffer distance
may also cause overestimation of MH landfall events provided that MHs were located within a buffer
but do not cross a coastline. Even so, we accounted for intense storms located adjacent to the east coast
of the U.S. that can cause severe damage to coastal communities, whether or not they were officially
considered MH landfall events (indirect hits) [38]. On the other hand, a smaller buffer can also cause
underestimation of MH landfall event counts. For example, when the 0 km buffer was used to define
a MH landfall using the six-hourly HURDAT2 dataset, there was no MH landfall event detected for
the year 2005 (Figure 1a), although there were a number of MHs that actually crossed U.S. coastline
that year [9]. This was mainly because the observed MH landfalls were not detected in the six-hourly
dataset. In this study, we not only seek to address MH landfall events, but potentially hazardous MHs
near the coast of the United States and how they react to changes in anthropogenic forcing. Given
the fact that mean storm size on average reaches up to 500 km in radius [37,39], taking a buffer could
improve estimating storm risk over land and give us a larger sample size of storms near the coast
of the United States that could be detrimental to coastal communities. Our final goal is to examine
how the HiFLOR-generated MH landfall predictions change for each buffer with different levels of
anthropogenic forcing. Although we defined MH landfall for the MHs within the buffer system for
convenience, the frequency of MHs within the buffer system did not always match the actual MH
landfall frequencies especially for a larger buffer size. Therefore, this study qualitatively analyzed the
relationship between anthropogenic forcing and frequencies of MHs near the coastal United States.
We seek to address if there were any discrepancies of the projected changes in MH landfall frequencies
on the buffer size.

We obtained the 116-year North Atlantic TC track data for the period of 1900 to 2015 from the
National Hurricane Center Data Base HURDAT2 (http://www.aoml.noaa.gov/hrd/data_sub/re_anal.
html), which includes a six-hourly output of location, maximum surface wind speed, and central
pressure [34]. We ran this observed track data through each artificial buffer and computed the seasonal
MH landfall frequencies for each buffer according to our revised definition of landfall (e.g., Figure 1),
which was then compared to recorded seasonal MH landfall frequencies from the Hurricane Research
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Division (http://www.aoml.noaa.gov/hrd/hurdat/UShurrs_detailed.html) [9]. If a TC maintained at the
threshold parameters of ≥50 m s−1 at the first output after which it has made landfall according to our
buffer parameters, this event was considered as a MH landfall for our convenience. For this reason,
the MH landfalls frequencies, determined with our six-hourly buffer system using HURDAT2 data,
were not always the same as MH landfall frequencies calculated from the Hurricane Research Division
(Figure 1).
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Figure 1. Fixed- distance artificial buffers applied at (a) 0 km, (b) 100 km, (c) 200 km, (d) 300 km,
(e) 400 km, (f) 500 km from the true coastline. When a TC has crossed into the blue shading domain, it
was considered to have made landfall. Plotted are major hurricane (MH) tracks in 2005 that fall into
the buffer domains based on the HURDAT2 six-hourly dataset. Colors indicate storm intensity (red
corresponds to MH intensity and yellow corresponds to storms weaker than major hurricane intensity).
White dots indicate locations of storm genesis.

2.2. Model Simulations

In this study, we utilized HiFLOR, a high-resolution 25 km × 25 km mesh atmospheric/land
and 100 km × 100 km ocean/sea-ice coupled global model. As stated by Murakami et al. (2015) [28],
HiFLOR was created as an increased-resolution version of the Forecast-oriented Low Ocean Resolution
model (FLOR, [13]), which consists of 25-km mesh atmospheric/land components from the GFDL
Coupled Model, version 2.5 (CM2.5; [40]) and 1◦ ocean and sea ice components based on the GFDL
Coupled Model, version 2.1 (CM2.1; [41]). Adjustments to the parameterization of ocean roughness in
the FLOR model to create the HiFLOR model enabled it to simulate and predict TC events, especially
intense MH events [28,30,42], with greater accuracy (Figures S2 and S3). To assess how well HiFLOR
represented MH landfall frequencies, we used simulated TC track data detected by a TC tracking
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scheme [28,43] for model simulations including location, maximum wind speed, and central pressure
from six-hourly output from GFDL HiFLOR simulations. We used a 300-year climate simulation
developed by Murakami et al., 2015 [28], that depicts the climate conditions characteristic of the
year 1990 and maintains fixed forcing agents of atmospheric CO2, CH4, N2O, halons, tropospheric
and stratospheric O3, anthropogenic tropospheric sulfates, black and organic carbon, and solar
irradiance [28]. The same methods were used to create a 1200-year climate simulation that depicts
climate conditions characteristic of the year 1860 as well as 200-year, 300-year, and 200-year simulations
characteristic of the years 1940, 1990, and 2015, respectively. The 1860 and 1940 control simulations
include lower SST in the North Atlantic, in comparison to the 1990 and 2015 control simulations
because of the cooler climatic conditions of the mid-19th century and early 20th century. To eliminate
climate drifts with the models in our analysis, we removed the first 50 years of each climate simulation
to ensure stability. Therefore, we analyzed 1150 years of the 1860 control, 150 years of the 1940 control,
250 years of the 1990 control, and 150 years of the 2015 control.

Because each simulation ran for a different duration of time, for each control simulation we
computed a 116-year moving mean frequency of cumulative MH landfall droughts stratified by
duration. This was the length of the time frame for our 1900 to 2015 observational data, and we ensured
consistency with our data timeframe for all experimental groups. A caveat with this approach was that,
except for the 1860 climate simulation, the shorter 200 to 300-year simulations were not long enough
to obtain enough samples for the 116-year moving mean average, especially with the removal of the
first 50 years of the simulation in our analysis, leading to possible sampling errors in the statistics.
We completed these calculations at each fixed-distance buffer. We computed these mean drought
durations and frequencies with each simulation and observational data to accomplish three objectives:

1. Identify which buffer distance applied to the six-hourly HURDAT2 matches the observed recorded
MH landfall frequency.

2. Compare the MH landfall frequencies of the 6-houly HURDAT2, early control simulations, and
late control simulations for each buffer distance to assess how closely HiFLOR’s MH landfall
statistics match those in the observational data.

3. Compare the simulated frequencies of MH landfall drought events among the control simulations
with different buffer distance to determine the effects of anthropogenic forcing on the length of
MH landfall drought in the U.S., and to identify the dependency of the results on buffer distance.

3. Results

3.1. Sensitivity of Buffer Distance to United States MH Landfall Frequencies

Table 1 shows the mean annual observed frequency of landfall events with the buffer system
using the six-hourly HURDAT2 dataset, the difference from recorded annual landfall frequency from
National Oceanic and Atmospheric Administration (NOAA)’s Hurricane Research Division, and the
correlation between the buffer and recorded landfall events for MHs as well as all storms (i.e., TC
landfall). When the six-hourly HURDAT2 TC tracks in the North Atlantic from 1900 to 2015 were run
through all six buffers, the mean TC landfall frequency for each buffer was at least one additional event
than what was recorded by NOAA. As expected, (c) in Table 1 shows a positive correlation between
TC landfall frequency and buffer distance. The yearly TC landfall frequencies for all buffers were
positively and moderately correlated with the recorded data (r > 0.60). In contrast, with observed MH
landfall frequencies, we found that the mean yearly frequencies recorded by NOAA were greater than
the mean yearly frequencies computed with the HURDAT2 dataset using 0 km and 100 km buffers
((e) in Table 1). We also found that by running the HURDAT2 dataset through all other buffers, the
number of MH landfall events was greater than the recorded data using the buffers larger than or equal
to 200 km. (f) in Table 1 shows that yearly MH landfall frequencies with all buffers ≥ 100 km were
highly correlated with the yearly recorded MH landfall frequencies (r > +0.8).
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Table 1. (a) Mean annual TC landfall frequency with buffer (1900 to 2015) using the six-hourly
HURDAT2 dataset, (b) the difference between mean annual TC landfall frequency with buffer and
mean annual frequency of recorded TC landfall frequency from NOAA, and (c) the correlation between
observed annual TCL frequencies with buffer and recorded TC landfall frequency from NOAA with
p-value in parenthesis. (d) to (f) match measures of (a) to (c), except these measures were taken with
MH landfall frequencies.

TC Landfall MH Landfall

Buffer (a) Freq (b) Diff (c) Correl
(p-Value) (d) Freq (e) Diff (f) Correl

(p-Value)

0 km 2.76 +1.14 0.71 (2.00 × 10−16) 0.19 −0.42 0.33 (3.12 × 10−4)
100 km 3.37 +1.75 0.75 (2.20 × 10−16) 0.50 −0.11 0.80 (2.20 × 10−16)
200 km 3.97 +2.35 0.71 (2.20 × 10−16) 0.74 +0.13 0.86 (2.20 × 10−16)
300 km 4.40 +2.78 0.68 (2.20 × 10−16) 0.84 +0.22 0.86 (2.20 × 10−16)
400 km 4.92 +3.30 0.67 (2.48 × 10−16) 0.94 +0.33 0.84 (2.20 × 10−16)
500 km 5.39 +3.77 0.63 (5.22 × 10−14) 0.99 +0.38 0.84 (2.20 × 10−16)

Figure 2 demonstrates that by differing the buffer distance used to define MH landfall, the length
of recent U.S. MH landfall drought changed drastically. The recorded MH landfall drought was
11 years in length during the period 2006 to 2015. However, with the use of a 0 km buffer, the drought
was considered to have lasted for the period 1993 to 2015; while using the 500 km buffer we found that
the longest drought between 1900 and 2015 would have lasted from 2011 through 2015 (Figure 2). In
summary, we found that the 200 km buffer was the closest match to the recorded NOAA data in terms
of both the mean and interannual variation of MH landfall frequency.
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Figure 2. Recorded annual MH landfall frequencies from NOAA’s Atlantic Hurricane Database (black),
observed major hurricane landfall frequencies using six-hourly HURDAT2 with a 0 km fixed-distance
buffer (red), 200 km fixed-distance buffer (blue), and 500 km fixed distance buffer (green) for the period
2000 to 2015.

By extending the buffer distance and accounting for a greater frequency of landfall events, the
relationships between climate variables (MH landfall frequency, TC frequency, TC landfall frequency,
mean summer Niño-3.4 index, and mean summer SST over the main development region form MHs
(10–25◦ N and 20–80◦ W; [30]) became more highly correlated (Table 2). This higher correlation for
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larger buffer distances was not surprising because a greater sample of MH landfall events was included
in the larger buffer distances.

Table 2. Correlation coefficients between (a) observed annual MH landfall (MHL) frequency with buffer
and annual TC landfall (TCL) frequency with buffer, (b) observed annual basin-total TC frequency over the
North Atlantic (NA) and annual TCL frequency with buffer, (c) observed annual basin-total TC frequency
over the NA and annual MHL frequency with buffer, (d) seasonal mean (July to October) Niño-3.4 Index
and annual TC landfall frequency with buffer, (e) seasonal mean (July to October) El Niño 3.4 Index and
annual MHL frequency with buffer, (f) seasonal mean (July to October) SST over the Main Development
Region (MDR; 10–25◦ N, 20–80◦ W) and annual TC landfall frequency with buffer, and (g) seasonal mean
(July to October) SST over MDR and annual MHL frequency with buffer. The analyzed period for the
correlation coefficients is 1900 to 2015. p-values for significance testing are in parentheses.

Buffer
(km)

(a) MHL and
TCL (b) TC and TCL (c) TC and MHL (d) Niño-3.4 and

TCL
(e) Niño-3.4 and

MHL
(f) MDR and

TCL
(g) MDR and

M. MHL

0 0.21 (0.02) 0.41 (5.31 × 10−6) 0.08 (0.38) −0.29 (1.62 × 10−3) −0.14 (0.12) 0.16 (0.09) 0.07 (0.42)
100 0.41 (5.80 × 10−6) 0.45 (3.83 × 10−7) 0.16 (0.08) −0.27 (3.10 × 10−3) −0.20 (0.03) 0.17 (0.08) 0.09 (0.31)
200 0.47 (1.43 × 10−7) 0.55 (1.67 × 10−10) 0.34 (1.60 × 10−4) −0.33 (2.68 × 10−4) −0.28 (2.06 × 10−3) 0.22 (0.02) 0.13 (0.17)
300 0.46 (1.43 × 10−7) 0.60 (1.79 × 10−12) 0.34 (2.29 × 10−4) −0.38 (2.94 × 10−5) −0.33 (3.23 × 10−4) 0.24 (8.60 × 10−3) 0.14 (0.13)
400 0.53 (1.27 × 10−9) 0.65 (4.10 × 10−15) 0.37 (4.88 × 10−5) −0.40 (1.10 × 10−5) −0.37 (5.09 × 10−5) 0.23 (0.01) 0.19 (0.04)
500 0.53 (8.86 × 10−10) 0.69 (2.20 × 10−16) 0.37 (3.43 × 10−5) −0.42 (2.93 × 10−6) −0.37 (4.21 × 10−5) 0.26 (0.01) 0.20 (0.03)

3.2. Impact of Anthropogenic Climate Change on MH Landfall Drought

Figure 3a shows the simulated mean frequency of consecutive years, during which no MH made
landfall (i.e., the duration of MH landfall drought). A 200-km buffer is used for the 116-year moving
means of the HiFLOR 1860 control and the HiFLOR 1990 control. We depicted this buffer because
the observed MH landfall frequencies detected using six-hourly HURDAT2 dataset with this buffer
most closely match the observed recorded MH landfall frequencies in the United States than any other
buffer as analyzed in Section 3.1. It is important to note that the horizontal axis in Figure 3 represents a
minimum length of MH landfall drought; namely, ‘20’ represents MH landfall drought length longer
than or equal to 20 years. The 1990 control illustrates a greater frequency of droughts with shorter
than 11 years in the minimum length, while the 1860 control illustrates a greater frequency of droughts
with longer than 11 years in the minimum length. This indicates that HiFLOR projected a greater
frequency of MH landfall events under conditions of higher anthropogenic forcing, as demonstrated
by the higher (lower) frequency of shorter (longer) droughts for the 1990 control than the 1860 control.
There was a small error bar that overlapped between the mean MH landfall drought frequencies of
the 1860 control and the 1990 control for the shorter and longer drought durations, indicating the
significance in the differences between calculated frequencies. These results were generally consistent
for the other buffer distances, all of which demonstrated the 1990 control simulation to exhibit a greater
frequency for shorter MH landfall droughts, while the 1860 control depicted a greater frequency for
longer MH landfall droughts (Figure 3b,c).

The above conclusion was also reached when we compared the climate model simulations with
different levels of anthropogenic forcing (Figure 4). Figure 4 displays mean MH landfall drought
frequency simulated by a series of control experiments using the 200 km buffer, showing that simulated
frequency of shorter (longer) MH landfall drought events was generally projected to increase (decrease)
as the level of anthropogenic forcing increased, which indicated a predicted increase in MH landfall
activity with warmer atmospheric and oceanic conditions. There are clear error bar separations
between the early controls (i.e., 1860 Cntl and 1940 Cntl) and the late controls (i.e., 1990 Cntl and 2015
Cntl) for the shorter landfall droughts (e.g., 1 to 4 minimum years) and longer landfall drought (e.g.,
16 + minimum years) in this figure, indicating statistically significant differences between the groups.
The projected increase (decrease) in shorter (longer) MH drought events could be due to the projected
increase in MH frequencies with increased anthropogenic forcing. We found that HiFLOR projected an
increase in MH frequencies at the locations where simulated frequency of occurrence of MHs was in
peak in the 1860 control (i.e., no track change; Figure S4).
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observed MH landfall frequencies detected using six-hourly HURDAT2 dataset with this buffer most 
closely match the observed recorded MH landfall frequencies in the United States than any other 
buffer as analyzed in Section 3.1. It is important to note that the horizontal axis in Figure 3 represents 
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longer than or equal to 20 years. The 1990 control illustrates a greater frequency of droughts with 
shorter than 11 years in the minimum length, while the 1860 control illustrates a greater frequency of 
droughts with longer than 11 years in the minimum length. This indicates that HiFLOR projected a 
greater frequency of MH landfall events under conditions of higher anthropogenic forcing, as 
demonstrated by the higher (lower) frequency of shorter (longer) droughts for the 1990 control than 
the 1860 control. There was a small error bar that overlapped between the mean MH landfall drought 
frequencies of the 1860 control and the 1990 control for the shorter and longer drought durations, 
indicating the significance in the differences between calculated frequencies. These results were 
generally consistent for the other buffer distances, all of which demonstrated the 1990 control 
simulation to exhibit a greater frequency for shorter MH landfall droughts, while the 1860 control 
depicted a greater frequency for longer MH landfall droughts (Figure 3b,c). 
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Figure 3. Mean frequencies of minimum consecutive length for MH landfall drought for (a) 200 km
fixed-distance buffer, (b) 300 km buffer, and (c) 500 km buffer. The horizontal axis represents minimum
length of MH landfall drought. For example, ‘20’ represents MH landfall drought length longer than or
equal to 20 years. The black line represents the observed MH landfall drought lengths for the United
States in the 116-year period between 1900 and 2015 using six-hourly HURDDAT2 dataset. Blue (Red)
line represents the 1860 (1990) control experiment. Error bars represent the 90th percentile (top bound)
and 10th percentile (bottom bound) of the 116-year moving means. Red (Blue) dot indicates that
simulated frequency by 1990 control is greater (smaller) statistically significantly than that by 1860
control at the 90% level.
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On the other hand, compared with the six-hourly HURDAT2 frequencies of MH landfall drought,
both of the 1990 and 2015 controls overestimated frequency of MH landfall droughts with minimum
length longer than 3 years (Figure 4). Therefore, the HiFLOR critically overestimated the frequency of
longer MH landfall drought events in the U.S., highlighting a limitation of the quantitative assessment
of MH landfall drought using HiFLOR. Moreover, relatively shorter simulation lengths of 2015
control (200 years), 1990 control (300 years), and 1940 control (300 years) relative to the 1860 control
(1200 years), may not be long enough to obtain statistical significance for the mutual differences in
MH landfall drought frequency, especially for long-lasting MH landfall drought events, and given the
fact that we could not obtain enough samples for 116-year moving means to estimate the error bars,
as shown in Figures 3 and 4. A longer control simulation is necessary for an accurate estimation of
MH landfall drought frequency. It is also necessary for obtaining statistically significant differences
among the control simulations. However, a longer simulation is computationally expensive with a
MH permitting model.

4. Summary and Discussion

We have assessed the sensitivity of landfalling TCs and landfalling MH statistics in regard to their
position to the U.S. coast by creating six different buffer zones circling the U.S. East Coast. We observed
six-hourly hurricane tracks in the HURDAT2 dataset in the North Atlantic Ocean from 1900 to 2015
through each buffer and calculated how many of TCs and MHs crossed the given fixed-distance buffer,
in comparison to NOAA’s recorded landfall events in the period 1900 to 2015. Although there were
differences in MH landfall frequencies calculated with each buffer, we found that the MH landfall
frequencies generated with the 200 km buffer, using the six-hourly HURDAT2 dataset were the most
similar to observed recorded MH landfall frequencies. A buffer system can be utilized to correct
potential error in landfall frequencies generated by six-hourly datasets, and can be utilized to analyze
storm activity close to the coastline that might mimic actual landfall events.
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We utilized the GFDL HiFLOR high-resolution model to examine the impact of anthropogenic
warming on MH landfall drought frequency with each different buffer distance. We computed the
frequency of MH landfall droughts for the 1860, 1940, 1990, and 2015 control simulations to analyze the
difference in projected MH landfall frequencies with varying levels of anthropogenic forcing. We found
that the later control simulations (i.e., 1990 controls and 2015 controls) generally depicted significantly
higher (lower) frequencies of shorter (longer) MH landfall drought than the earlier control simulations
(i.e., 1860 controls and 1940 controls). These results suggest that HiFLOR projects an increase in
MH landfall frequencies with greater anthropogenic forcing. Our simulation results imply that the
observed MH landfall events between 2006 and 2016 may not be relevant to the continuing increase in
greenhouse gasses. The HiFLOR projections suggest that these long-lasting MH landfall droughts
are likely to become rare in regard to increases in anthropogenic forcing. However, the underlying
mechanisms controlling the unusually long MH landfall drought event observed between 2006 and
2016 are not clear.

Meanwhile, the HiFLOR control simulations critically underestimated MH landfall activity, as
mean drought duration and frequencies were greater than the six-hourly HURDAT2 data for the
period 1900 to 2015 (Figure 3). Therefore, our experiment results should not be considered quantitative
because of the model biases and because the detected landfall frequencies with each buffer did not
mirror observed landfall frequencies in the United States. These results merely suggest that the HiFLOR
model predicts an increase in TC activity near the coastline of the United States with heightened levels
of anthropogenic forcing. However, we were unable to provide quantitative changes in frequency of
MH landfall drought events due to the model biases. The underestimation of MH landfall activity
by HiFLOR was mainly due to the underlying cold biases in the subsurface ocean in the tropical
Atlantic [28]. Fixing this bias is necessary for future accurate simulations of MH landfall activity.
The use of a longer, more accurate climate simulation is also necessary to quantitatively analyze MH
landfall frequencies and drought duration in the U.S. Overall, our findings have major implications for
U.S. coastal communities, as MH landfall events are extremely destructive, and could result in more
damage with warmer global temperatures, which is consistent with previous studies (e.g., [44]). For
future analysis, we can create buffer zones according to predicted U.S. coastlines, especially as sea
levels continue to rise and the U.S. coastline continues to recede [45–47].
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