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Abstract: Tropical cyclone (TC) winds control design wind speeds for much of the eastern United States. Those winds are likely to intensify
with climate change, but climate change was not considered in the ASCE 7-22 design wind speed maps, potentially causing many structures to
be designed with unacceptably high levels of risk. In this study, we investigate (1) the increases in design wind speed due to climate change; and
(2) the resulting risk to structures if climate change is not considered.We estimated the design wind speeds for US counties affected by TCs along
the Gulf and Atlantic coasts using nonstationary methods based on a set of synthetic TCs (1,000–1,500 year simulations) downscaled from the
latest global climate projections (CMIP6) for the high-emissions scenario (SSP5-8.5). It was found that over the 21st century, 50-year return
period winds would increase by an average of around 10% along the US Gulf and Atlantic coasts. Depending on the risk category, design
lifetime, and year of construction, design wind speeds (targeting lifetime exceedance probability) are projected to increase by an average of
3%–6% for all counties studied and 6%–15% for coastal counties. For Risk Category II–IV structures, depending on the design lifetime and year
of construction, 8%–36% of all counties studied and 25%–66% of coastal counties would experience projected lifetime exceedance probabilities
that were at least two risk categories too low; for example, in up to 26% of all counties studied and 54% of coastal counties, a Risk Category III
structure would be effectively designed as Risk Category I or lower. DOI: 10.1061/JSENDH.STENG-11899. This work is made available
under the terms of the Creative Commons Attribution 4.0 International license, https://creativecommons.org/licenses/by/4.0/.

Introduction

Study Objectives

Tropical cyclones (TCs) are a significant hazard to infrastructure in
the United States, and TC winds govern design wind speeds for
much of the US Gulf and Atlantic coasts. It is now widely accepted
that TC intensity will increase with climate change (Committee on
Adaption to a Changing Climate 2018; Emanuel 2021; Knutson et al.
2020; Task Committee on Future Weather and Climate Extremes
2021; Walsh et al. 2019). This increase will likely lead to increased
wind speeds along the Gulf and Atlantic coasts of the United States
(Esmaeili and Barbato 2021), but the current ASCE 7 design wind
speed maps do not account for climate change effects ([ASCE 7-22
(ASCE 2021)]. As a result, numerous structures are potentially
being designed with greater levels of risk than ASCE 7-22 origi-
nally intended. The primary objectives of this study were to inves-
tigate (1) the expected increase in design wind speeds from
increased TC activity due to climate change; and (2) the resulting
levels of risk if this effect of climate change is not accounted for.
This study uses state-of-the-art synthetic TC data generated from
the Coupled Model Intercomparison Project Phase 6 (CMIP6)
under the shared socioeconomic pathway (SSP) 5–8.5 to imple-
ment nonstationary design wind speed calculations. The design
wind speeds in ASCE 7-22 are specified based on mean return

intervals (MRIs), under the stationary assumption. This paper fo-
cuses on design wind speeds based on lifetime exceedance proba-
bility (LEP) for the nonstationary condition. An MRI is the average
time between hazard events of a given intensity level, while the LEP
is the probability that a given intensity level will be exceeded over
the design lifetime of a structure.

In the introduction of this paper, we describe the nonstationary
statistical methods and the synthetic TC data used here, contrasting
them with those of previous studies. In the next section, we describe
the methodology used to generate the wind speed data and to stat-
istically analyze it. In the following section, the model is evaluated
against both historical data and the ASCE 7-22 design wind speeds.
In our results and discussion section, we discuss, the increase in
design wind speeds with climate change, the resulting LEPs if
no action is taken, and the effective risk categories associated with
the resulting LEPs. The next section shows the increases in design
wind speeds using an MRI-based rather than the LEP-approach and
features a comparison between those two approaches, as well as to
other studies that have attempted to predict increases in the MRI-
based design wind speed due to climate change. Finally, we high-
light areas of future research and potential challenges to changing
the design code before delivering our conclusions.

ASCE 7-22 Design Wind Speed Maps

The ASCE 7-22 design wind speed maps give wind speeds to be
used for structural design purposes. There are four maps for the
contiguous US, one for each of Risk Categories I, II, III, and
IV, with higher risk categories corresponding to lower permitted
levels of risk. The four maps show contours of the 3-s gust wind
speed for the open terrain at a height of 10 m for MRIs of 300, 700,
1,700, and 3,000 years, respectively, representing ultimate loading
conditions rather than service-level conditions. Designing for an
MRI of 1,700 years, for example, means that the probability of
experiencing wind speeds greater than the design level in a given
year is 1=1,700. Even though the probability of occurrence for any
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given year is low, the cumulative probability of occurrence grows as
a function of time. As a result, the probabilities that the specified
design wind speeds will be exceeded within 50 years are 0.15, 0.07,
0.03, and 0.017 for Risk Categories I–IV, respectively (ASCE
7-22). If the time period considered is the design lifetime, this cu-
mulative probability may be called the LEP (Xu et al. 2020).

The eastern United States is a mixed-wind environment, with
TCs, thunderstorms, and large-scale weather systems contributing
to extreme wind speeds. Twisdale and Vickery (1992) showed that
failing to separate different wind sources in a mixed-wind environ-
ment leads to underestimates of extreme wind speeds. Thus, TC
and non-TC winds were handled separately in ASCE 7-22. The
non-TC wind speed data was sourced from weather station records
while the TC wind speed data was generated using synthetic TCs,
which are discussed in the “Synthetic Tropical Cyclone Modeling”
section.

Climate Nonstationarity and Design Criteria

A stationary climate was assumed for the ASCE 7-22 design wind
speed maps (ASCE 7-22); however, Cui and Caracoglia (2016)
suggested climate nonstationarity be assumed under representative
concentration pathway (RCP)4.5 and RCP8.5, the latter of which
is consistent with the SSP5-8.5 scenario considered in this study.
Because MRIs vary with time in a nonstationary climate, Xu et al.
(2020) proposed specifying design wind speeds in terms of LEPs
instead of MRIs. As MRIs and LEPs are equivalent descriptors of
risk in a stationary climate, it is natural to apply LEPs in a nonsta-
tionary climate to ensure that a set risk is not exceeded over the
lifetime of a structure (Rootzén and Katz 2013; Xu et al. 2020).
Also, as discussed by Xu et al. (2020), LEP-based design is con-
sistent with the traditional stationary design in conserving the risk
of failure measured by various probabilistic metrics (Buchanan et al.
2016; Hunter 2012).

One challenge with LEP-based design is that targeting the cumu-
lative exceedance probability (e.g., 0.03 for 50-year lifetime) corre-
sponding to a stationary annual exceedance probability (1=1,700)
may lead to the annual exceedance probability being greater than the
stationary annual exceedance probability (1=1,700) in some years
(e.g., toward the end of the lifetime if the climate change impact
increases continuously over time). A more conservative approach
would be to target the highest annual MRI over the design lifetime
(e.g., at the end of the lifetime) so that the annual exceedance prob-
abilities currently specified in ASCE 7-22 would not be exceeded.
This paper primarily used the LEP-based approach, with a section
dedicated to the MRI-based approach for comparison.

Synthetic Tropical Cyclone Modeling

A large sample of TC wind speed data is required to obtain a reliable
extreme value distribution of TC wind. Due to the lack of sufficient
observational data, various models have been developed to simulate
synthetic TC events. The synthetic method used in the development
of the ASCE 7-22 design wind speed maps was first described in
Vickery et al. (2000) and later updated in Vickery et al. (2009b;
ASCE 7-22). To generate a synthetic TC using this approach
(Vickery et al. 2000, 2009b), the initial location, date, time, bear-
ing, translation speed, and central pressure deficit were sampled
from the historical best track record. Then, the track and pressure
deficit along the track were simulated based on statistical models
and environmental variables such as sea surface temperature
(SST). Using the simulated parameters, the radius of maximum
winds and the Holland B parameter were determined, allowing
the calculation of surface wind speeds at any point and time along

the track using a parametric model, such as the Holland (1980)
model, of gradient winds. Because the tracks generated using the
method from Vickery et al. (2009b) rely mainly on historical TC
data, the method’s ability to account for potential effects of climate
change on TC activity in the future is limited.

In this study, we employed synthetic TC data generated from
the synthetic method developed by Emanuel et al. (2006, 2008),
which can generate synthetic TCs driven by comprehensive cli-
mate conditions involving the environmental wind and humidity,
thermodynamic state of the atmosphere, and thermal stratification
of the ocean. In this approach (Emanuel et al. 2008), synthetic TCs
are formed by uniformly generating weak storms or seeds over
time and location except for within 2° latitude of the equator. Most
of those storms quickly dissipate due to unfavorable conditions,
but those that reach TC status then follow a track determined by
large-scale wind patterns, generated from the statistics of the pro-
jected environmental winds. Storm intensity along those tracks is
then calculated using a deterministic coupled ocean-atmosphere
model (Emanuel et al. 2008). This synthetic TC model does not rely
on the historical track database but rather generates synthetic storms
that are in statistical agreement with observations (Emanuel et al.
2006; Hallegatte 2007). The TC wind (Yeo et al. 2014; Xu et al.
2020), surge (Marsooli et al. 2019), and joint (Gori et al. 2022) haz-
ards generated using this model compare well with the historical ob-
servations and are compatible with geologic evidence (Lin et al.
2014). While the method in Vickery et al. (2009b) can account
for the effect of climate change on storm intensity, this method ac-
counts for also the influence of climate change on TC genesis
(i.e., frequency) and track, making it a more robust methodology
in the context of climate change. This synthetic TC model has been
applied to assess TC wind hazard (Xu et al. 2020), storm surge haz-
ard (Lin et al. 2019; Marsooli et al. 2019), rainfall hazard (Emanuel
2017), and joint hazard (Gori et al. 2022; Xi et al. 2023) under cli-
mate change.

The synthetic TC data used in this study was obtained from Gori
et al. (2022) who used the method from Emanuel et al. (2008) to
generate synthetic TC data for 1,500 years under the historical cli-
mate from 1984 to 2015 based on the National Centers for Envi-
ronmental Prediction (NCEP). The simulated storm wind intensity
compares well with the observation over the same period for vari-
ous regions along the US Gulf and East coasts, although the model
appears to underestimate the wind intensity for the Northeast coast,
given the sampling limitation in both simulation and observation
for this region. See Supplementary Materials Fig. S1. The same
method was used to generate a set of bias-corrected synthetic TC
data for 1,000 years of the future climate of 2070–2100 based on
24,000 years of simulations driven by eight CMIP6 models under
the emission scenario SSP5-8.5. In the bias correction process, the
outputs of each of the global climate models are scaled so that the
intensity distribution and landfall frequency given by the model for
the historical period are consistent with those given by the NCEP
analysis. A single set of data (∼1,500 years) was then compiled
from the eight models, weighted according to their accuracy in es-
timating the TC intensity return levels compared to the NCEP
analysis. Further information about the TC modeling and bias cor-
rection process can be found in Gori et al. (2022). The model proj-
ects significant increases in landfall storm intensity and frequency,
leading to significant increases in projected wind hazards. See Sup-
plementary Materials Tables S1 and S2.

Effects of Climate Change on Design Wind Speeds

Previous studies have investigated the increase in wind speeds for
the United States from increased TC winds. Mudd et al. (2014)
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studied the increase in design wind speeds for the Northeastern
United States in year 2100 under RCP8.5. This study used the syn-
thetic TC modeling approach from Vickery et al. (2009b) with SST
being the only nonstationary parameter. Using a similar approach,
Ellingwood and Lee (2016) estimated the increase in TC winds due
to climate change over a 200-year service life for a building in
Miami, and Cui and Caracoglia (2016) studied increases in TC
winds and lifetime costs on tall buildings from increases in TC wind
damage. LikeMudd et al. (2014), Snaiki andWu (2020a) studied the
increase in design wind speeds in the Northeastern United States,
but that study used the synthetic TC model established in Snaiki
and Wu (2020b), which accounts for the effects of changes in SST,
wind shear, and convective instability. Finally, Esmaeili and Barbato
(2021) explored the effects of climate change on design wind speeds
for the Atlantic and Gulf coasts. Unlike the other studies reviewed in
this section, Esmaeili and Barbato (2021) used a site-specific rather
than a basin-wide approach to generate synthetic TC data, but that
study made a similar assumption that every nonstationary variable
was a function of SST. The design wind speeds were then calculated
for the year 2060 according to the ASCE 7-22 MRIs.

Crucially, many of these studies are limited in their application
for informing design wind speeds for the US East and Gulf coasts.
Mudd et al. (2014) and Snaiki and Wu (2020a) studied only the
effects on the Northeastern United States, and Snaiki and Wu
(2020a) and Esmaeili and Barbato (2021) considered only coastal
locations. Cui and Caracoglia (2016) considered only the effects of
TCs, whereas the ASCE 7 design wind speeds include contribu-
tions from both TC and non-TC events. Additionally, none of these
studies considered the LEP-based approach for calculating design
wind speeds, nor did they attempt to calculate the levels of risk
associated with failing to update the wind provisions in the code,
as done in this study.

Methodology

TC Wind Speed Modeling

The synthetic TC data from Gori et al. (2022) was used to calculate
the wind speeds at every US county that experienced more than 100
TCs passing within 200 km of it in both the past and future climate
simulations (i.e., with TC rate greater than 0.1/year during the 1,000-
year simulations). Each county was represented by a single internal
point, which generally corresponded to its centroid (USCB 2021;
USCB 2022). For each 2-h time step of each synthetic TC, the gra-
dient wind speed at each county within 200 km of the TC center
was calculated using the widely used Holland (1980) gradient wind
model. The surface wind speeds were then determined parametri-
cally. An empirically determined surface wind reduction factor of
0.85 was used (Batts et al. 1980). The inflow angle was calculated
using the method from Bretschneider (1972). Finally, the back-
ground wind contribution used was 0.55 of the TC translation speed
at 20° counterclockwise from its bearing (Lin and Chavas 2012).
See Lin and Chavas (2012) for further discussion on hurricane para-
metric modeling and sensitivity analyses for the parameters afore-
mentioned. This procedure gave the surface wind speeds over open
water, which were converted to wind speeds over open terrain ac-
cording to Simiu (2011), using roughness lengths of 0.0002 and
0.03 m for open water and open terrain, respectively (Davenport
et al. 2000).

TC Extreme Wind Distribution

At each location, the maximum wind speeds from the synthetic
TCs were fitted to a generalized Pareto distribution (GPD) using a

peaks-over-threshold approach. The GPD (Coles 2001; Davison
and Smith 1990) is widely used to model meteorological hazards,
including extreme winds (e.g., Lombardo et al. 2009;Xu et al.
2020), heavy rainfall (Villarini et al. 2011), floods (Villarini and
Smith 2010), and storm surges (e.g., Walton 2000; Lin et al. 2010).
A GPD is defined by the threshold u, the scale parameter σ, and the
shape parameter ξ, with the last variable particularly influencing
the distribution’s behavior. If ξ < 0, the tail of the distribution is
bounded, whereas if ξ ¼ 0, the tail is unbounded and decays ex-
ponentially, and if ξ > 0, the tail is also unbounded but decays pol-
ynomially. These cases are known as the Reverse Weibull, Gumbel,
and Fréchet distributions, respectively. Eq. (1) shows the exceed-
ance probability of a GPD, where PðX > xÞ is the probability of
exceeding x and ζu is the probability of threshold exceedance as
follows:

PðX > xÞ ¼ ζu

�
1þ ξðx − uÞ

σ

�−1=ξ
ð1Þ

The threshold for each GPD was selected by minimizing the
root mean square error (RMSE) of the fitted distribution over a
range of potential thresholds. The minimum potential threshold was
the 70th percentile of the data while the maximum potential threshold
yielded no fewer than 20 exceedances of the threshold. ξ was con-
strained to be less than or equal to 0 as the Fréchet distribution may
overestimate wind speeds at long return periods (Yeo et al. 2014).

Because each location had extreme wind speed distributions
only for the past (1984–2015) and future (2070–2100) climates, the
three parameters of the GPD, u, σ, and ξ, were linearly interpolated
each year, beginning with the past climate in 2000 and ending with
the future climate in 2100. Cui and Caracoglia (2016) also linearly
interpolated their GPD parameters to achieve nonstationarity over
time, and Das et al. (2020) showed that this interpolation method is
valid for the generalized extreme value distribution (GEV), a dis-
tribution related to the GPD. Assuming the future climate condition
would occur at the end rather than the median year of the future
climate simulation is not a conservative assumption; however, since
the synthetic TC data are based upon the conservative SSP5-8.5
assumption, we chose to use this nonconservative assumption to
be able to calculate design wind speeds for longer design lifetimes
(See “Structure Lifespan” section).

Non-TC Winds

Non-TC winds in the United States may increase with climate
change, but further research is needed to more accurately determine
the effects of climate change on extratropical cyclones (ETCs)
(Colle et al. 2015; Lin et al. 2019) and thunderstorms (Seeley and
Romps 2015; Trapp 2021). Due to that uncertainty and the fact that
TC winds dominate the wind distribution for most of the study areas
(see discussion in the “Non-TC Modeling” section), we assume a
stationary distribution of non-TC winds. The non-TC wind speed
data was sourced from Pintar et al. (2015) to reflect what is currently
used in ASCE 7-22. That study provided an R package that calcu-
lates the MRIs for non-TC winds, and ξ of the GPD wind speed
distribution can be set to 0, −0.05, or −0.10 (Pintar et al. 2015).
In this study, ξ was set to 0 in accordance with the ASCE 7-22
methodology.

Structure Lifespan

In a nonstationary climate, the design time horizon, or service life-
span of a structure, is crucial to determining the design wind speed.
However, service life is often not considered in the United States,
and most structures are assumed to function for 50–75 years
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(Ellingwood and Lee 2016), with 50 years being the default service
life used in ASCE 7-22. We focus on four indicative scenarios that
combine two possible lifespans and two possible build years, as
summarized in Table 1. The year 2000 was chosen as the build year
for structures that already exist while planned structures were as-
sumed to be built in 2030. The average lifespan was chosen to be 50
years to match ASCE 7-22, and the longer lifespans of 70 years and
100 years were defined as ending in 2100, the last year with syn-
thetic TC data. For each lifetime, a stationary design wind speed
was also calculated for comparison.

Lifetime Exceedance Probability

The LEP-based approach was adopted from Xu et al. (2020). The
MRIs given in the ASCE 7-22 design wind speed maps were con-
verted to LEPs using Eq. (2), where T is the specified MRI,m is the
design lifetime in years, and p is the LEP as follows:

p ¼ 1 − ð1 − 1=TÞm ð2Þ
For each scenario, that LEP was used to calculate the design

wind speed xd from Eq. (3), where PðXNTC ≤ xdÞ is the annual
nonexceedance probability from non-TC winds, and PðXn ≤ xdÞ
is the annual nonexceedance probability from TC winds in the
nth year (Xu et al. 2020) as presented in the following expression:

p ¼ 1 − ½PðXNTC ≤ xdÞ�m
Y
n¼1

n¼m

PðXn ≤ xdÞ ð3Þ

Model Evaluation

Comparison with Historical Data

To ensure that the model produced reasonable results, TC wind re-
turn level curves were generated for four coastal National Oceano-
graphic and Atmospheric Agency (NOAA) weather stations and
compared with the historical record. The stations studied were
New Orleans Airport, Tampa International Airport, Miami Inter-
national Airport, and John F. Kennedy (JFK) International Airport
(NOAA 2022a, b, c, d). The coordinates of the actual stations were
used rather than the county internal points to remove that discrep-
ancy for this comparison. The historical record was compiled by
extracting the maximum wind speed at each station for every TC
that passed within 200 km of it from 1984 to 2015, per the NOAA
Historical Hurricane Tracks website (NOAA n.d). Each station
transitioned from recording peak gust wind speeds to recording
peak 5-s gust wind speeds in either 1995 or 1996. We assumed that
the earlier data consisted of 3-s gust wind speeds, and the later data
was converted from 5-s gust wind speeds to 3-s gust wind speeds
following Simiu (2011).

Fig. 1 shows the generated return level curves for the synthetic
data in the control simulation compared with the historical observa-
tions (1984–2015) for the selected locations. The control return levels
are generally consistent with the historical records, and the historical
records are especially well-captured by the model for New Orleans.
The model overestimates return levels for Tampa, while at Miami,

it overestimates return levels for low return periods (10 years or
lower) and underestimates return levels for longer return periods,
although there are fewer observational data points to show that.
The simulated TC winds at Miami and JFK follow the Reverse
Weibull distribution, while those at New Orleans and Tampa fol-
low the Gumbel distribution.

The data for JFK is complicated by the occurrence of extratrop-
ical transition (ET) events when a TC gains characteristics of an
ETC at higher latitudes (hybrid events), like Hurricane Sandy did
in 2012. The synthetic TC model used in this study is not capable of
explicitly modeling the ET, and further research is needed to de-
velop methods to account for ET effects in synthetic TC modeling.
When only TCs that did not experience ET were considered, the
model was consistent with the historical record; however, consid-
ering hybrid events showed that the model may underestimate TC
wind speed return levels for areas affected by ET.

Comparison with ASCE 7-22

The ASCE 7-22 commentary gives a table of Risk Category II-IV
design wind speeds for selected coastal locations, and they are com-
pared with the design wind speeds given by this study’s control
simulation in Table 2. The wind speeds are calculated from the
counties’ internal points as described in the “TCWind Speed Mod-
eling” section. The control design wind speeds tend to give slightly
lower wind speeds than ASCE 7-22, with average differences of
−7.5%, −6.4%, and −4.9% for Risk Categories II, III, and IV. Each
location differed from ASCE 7-22 by no more than 18%.

Some of the discrepancy may be explained by the facts that the
underlying synthetic storm models are different between this study
and that used in ASCE 7-22. Additionally, the wind speeds were
calculated at slightly different coordinates than done in ASCE 7-22,
and relatively large statistical uncertainty exists. The resolution of
model is lower than in ASCE 7-22 because the purpose of this pa-
per is not to develop design wind speed maps for ASCE, but to
investigate the overall impact of climate change. Thus, results for
any county that do not follow the overall trend, possibly due to the
limited sample size (1,500-year simulations applied with GPD to
access extreme winds with up to a 3,000-year return period), should
be treated with caution. Because of the differences, the nonstation-
ary results were compared directly to the stationary results from the
model rather than the ASCE 7-22 design wind speeds so that the
changes would be ascribable to climate change and not model dis-
crepancies. For brevity, only the Risk Category III wind speed data
(1,700-year return period) is shown in the figures, as Risk Cate-
gory II and III wind speeds have the smallest range of discrepan-
cies, with Risk Category III having a lesser average discrepancy.
The figures for other risk categories appear in the Supplementary
Materials. All maps in this paper and the Supplement were gen-
erated using the urbnmapr R package from Strochak et al. (2018).

Results and Discussion

Changes in Wind Speed Distribution under Climate
Change

As an initial effort to understand the changes in the extreme wind
speed distributions in the United States due to climate change, the
50-year MRI wind speeds were calculated for the years 2000 and
2050. Fig. 2 shows the estimated 50-year wind speed in 2000 and
the percent increase in the 50-year wind speed by the year 2050.
The 50-year wind speeds in 2000 increased with proximity to coast
and decreased with latitude, and coastal and lower latitude locations
also saw the largest percent increases in 50-year wind speeds by

Table 1. Design scenarios used in design wind speed calculations

Name Build year
Lifespan
(years)

Existing structures - average lifespan 2000 50
Existing structures - longer lifespan 2000 100
Planned structures - average lifespan 2030 50
Planned structures - longer lifespan 2030 70
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Table 2. Comparison of ASCE 7-22 design wind speeds with control

Location State

Category II (m=s) Category III (m=s) Category IV (m=s)

ASCE Control ASCE Control ASCE Control

Port Aransas TX 71 60 74 67 78 71
Galveston TX 68 67 71 75 74 80
Cameron LA 63 68 69 76 70 82
Slidell LA 62 59 68 66 69 70
Biloxi MS 70 62 79 69 79 74
Gulf Shores AL 71 59 77 65 81 69
Panama City Beach FL 63 58 65 64 72 67
Clearwater FL 65 62 69 69 72 73
Key West FL 79 71 89 75 89 76
Miami Beach FL 76 66 82 73 85 77
Melbourne Beach FL 68 69 72 74 77 76
Jacksonville Beach FL 58 59 63 65 67 69
Sea Island GA 59 52 65 56 68 59
Folly Beach SC 67 55 71 60 74 64
Wrightsville Beach NC 65 63 70 70 72 75
Virginia Beach VA 56 52 59 56 62 58
Ocean City MD 57 51 61 55 62 57
Rehoboth Beach DE 55 51 59 54 61 57
Atlantic City NJ 56 51 60 54 62 57
Manhattan NY 52 50 57 54 58 56
Southampton NY 58 51 62 55 63 57
New Haven CT 54 50 58 54 59 56
Newport RI 56 51 62 55 62 57
Hyannis MA 55 50 62 54 63 56
Boston MA 52 50 56 54 58 56
Average difference: −7.5% −6.4% −4.9%

Fig. 1. Comparison between modeled and observed TC wind speed return level curves: (a) New Orleans Airport; (b) Tampa International Airport;
(c) Miami International Airport; and (d) JFK International Airport.
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2050. There was an average increase of 4.6% overall and 10.0%
along the coast, with numerous locations along the Gulf and South
Atlantic coasts experiencing increases of 25%–40%. Inland loca-
tions generally experienced little or no change in the 50-year wind
speed between 2000 and 2050.

Changes in Design Wind Speed under Climate Change

Fig. 3 shows the Risk Category III design wind speeds based on the
stationary climate assumption (i.e., 1,700-year winds), and Fig. 4
shows the percent increase in the Risk Category III design wind
speed if climate change is accounted for using the LEP-based ap-
proach. Figs. S2–S4 show the stationary design wind speeds for
Risk Categories I, II, and IV (i.e., 300-year, 700-year, and 3,000-
year winds), respectively, and Figs. S5–S7 show the increase in de-
sign wind speeds for those risk categories, respectively. Table 3 pro-
vides the average percent increase for each risk category.

The largest stationary Risk Category III design wind speeds
nearly reach 90 m=s and occur primarily in Florida and Louisiana.
The design wind speeds increase with proximity to the coast and
decrease with latitude. The percent increases in Risk Category III
design wind speeds follow a similar geospatial pattern as the sta-
tionary design wind speeds, with the largest increases occurring
primarily in Florida and Louisiana, and the magnitude of the in-
creases in design wind speeds increasing with proximity to the
coast while decreasing with latitude. The largest Risk Category
III design wind speed increases are around 50%, but as mentioned
in the “Comparison with ASCE 7-22” section, the results for indi-
vidual counties should be interpreted with caution. Still, large
swathes of the Gulf and South Atlantic coasts see consistent in-
creases of 30%–40%, depending on the year of construction and
design lifetime, with a later year of construction and a longer design
lifetime being correlated with larger increases [Fig. 4(d)].

The trends in the Risk Category III data hold for the other risk
categories. For each risk category, the stationary design wind speeds
generally increased with proximity to coast and lower latitude. Ad-
ditionally, the percentage increase in design wind speeds also gen-
erally increased with proximity to coast, lower latitude, a later build
year, and a longer design lifetime. Depending on the combination of
risk category, build year, and design lifetime, the mean design wind
speeds across all counties studied increased by 3%–6% (Table 3).
Structures built in 2000 with a 50-year lifespan (Existing Structures–
Average Lifespan scenario) experienced the lowest average percent-
age increase while structures built in 2030 with a lifespan of 70 years
(Planned Structures–Longer Lifespan scenario) experienced the
highest average percentage increase. When only coastal locations
as defined by USCB (2018) were considered, the average percent-
age increases increased to 6%–15% (Table 3). It is also worth not-
ing that those numbers are only average increases; many locations
along the Gulf coast consistently saw increases of 30%–40% as
seen in Figs. 4 and S5–S7.

Resulting Risk

The resulting LEPs if the stationary design wind speeds were
used in the changing climate were calculated. Fig. 5 shows the
resulting LEPs for each county in the study for Risk Category III.

Fig. 2. 50-year wind speeds in 2000 and percent increase by 2050: (a) 50-year wind speed in 2000; and (b) increase in 50-year wind speed in 2050.

Fig. 3. Risk Category III design wind speeds under stationary
assumption.
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Figs. S8–S10 show the resulting LEP values for Risk Category I,
II, and IV structures, respectively. The target LEP, and the mini-
mum and maximum resulting LEPs, are labeled on the color bars
in the figures. In some instances, the resulting LEPs were less than

0.001, but the lower bound of the color bar was limited to 0.001 for
clarity. Like the increases in design wind speeds, the exceedance of
the resulting LEPs over the target value for Risk Category III struc-
tures increased with proximity to the coast, year of construction,
and design lifetime, while they decreased with latitude. While the
target LEP for Risk Category III is 0.04, the resulting LEPs ex-
ceeded 0.40 for many locations along the Gulf Coast, notably
South Florida, especially for later year of construction and longer
design lifetime [Fig. 5(d)], and this is equivalent to at least a 40%
chance of exceedance over a structure’s lifetime. The trends in re-
sulting LEPs were consistent across all risk categories.

Based on the resulting LEPs, it was possible to determine the
effective risk category a structure would be built to if it was de-
signed using the stationary assumption. For example, the allowable
LEPs for Risk Category II and III structures are 0.069 and 0.029,
respectively, assuming a 50-year service lifetime. If a Risk Cat-
egory III structure had an LEP of 0.04, it would experience failure
rates consistent with Risk Category II structures and would effec-
tively be designed as a Risk Category II structure. Fig. 6 shows the

Fig. 4. Percent changes from stationary to nonstationary Risk Category III design wind speeds: (a) 50-year design lifetime built in 2000; (b) 100-year
design lifetime built in 2000; (c) 50-year design lifetime built in 2030; and (d) 70-year design lifetime built in 2030.

Table 3. Average design wind speed increases considering climate change

Structure type Existing Planned

Lifespan Average Longer Average Longer

Counties
considered All Coastal All Coastal All Coastal All Coastal

Risk
category (%) (%) (%) (%) (%) (%) (%) (%)

I 2.9 6.0 5.2 11.9 5.4 12.0 6.2 14.1
II 2.8 6.1 5.2 12.2 5.3 12.2 6.2 14.4
III 2.7 6.0 5.3 12.6 5.2 12.2 6.2 14.6
IV 2.7 6.1 5.3 12.7 5.1 12.1 6.1 14.7
Average 2.8 6.0 5.2 12.3 5.2 12.1 6.2 14.5
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effective risk category for Risk Category III structures. Figs. S11–
S13 show the effective risk category for Risk Category I, II, and IV
structures, respectively. Table 4 then highlights the proportion of
counties that fail to meet their target LEP and are thus at least
one effective risk category too low. Because even a small increase
in resulting LEP is enough to cause a decrease in effective risk cat-
egory, Table 5 gives the proportion of counties that have design
wind speeds which are at least two risk categories too low, reflect-
ing more substantial increases in risk.

For Risk Category III structures, it appears that structures at
least approximately 300 km inland are relatively unaffected by
changes in TC winds, as we focused on wind effects within
200 km of the center of the storm. The most significant change
is that structures closer to the coast fall further short of their
LEP targets. For example, many of the Risk Category III structures
in South Florida built in 2000 with a design lifetime of 50 years
(Existing Structures–Average Lifespan scenario) would be func-
tionally designed as Risk Category I or II, but most structures
in that area built in 2030 with a design lifetime of 70 years (Planned

Structures–Longer Lifespan scenario) would fail to even meet the
Risk Category I LEPs. Considering the entire study area, 26% of
Risk Category III structures under the Planned Structures–Longer
Lifespan scenario would meet Risk Category II requirements, a fur-
ther 17% would meet only Risk Category I requirements, and an
additional 10% would fail to meet the target LEPs for any risk cat-
egory. If only coastal locations are considered, those numbers rise to
33%, 24%, and 30%, respectively.

For all risk categories, the percentage of structures failing to
meet the required LEP increased with design lifetime and year of
construction. The percentage of structures failing to meet the re-
quired LEP fell slightly for higher risk categories, but regardless
of the risk category, a significant percentage of structures fell short
of the requirements. Depending on the risk category, design life-
time, and year of construction, 43%–57% of the overall counties
studied and 71%–89% of coastal counties had stationary design
wind speeds that would not yield acceptable LEPs in the changing
climate (Table 4). Additionally, numerous locations fell far short of
the LEP requirements. For Risk Categories II–IV, depending on the

Fig. 5. Resulting LEPs for Risk Category III if designed under the stationary assumption: (a) 50-year design lifetime built in 2000; (b) 100-year
design lifetime built in 2000; (c) 50-year design lifetime built in 2030; and (d) 70-year design lifetime built in 2030.
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design lifetime and year of construction, 8%–36% of all counties
studied experienced LEPs that were at least two risk categories too
low, and those numbers increased to 25%–66% for coastal counties
(Table 5). For example, in up to 26% of all counties studied and
54% of coastal counties, a Risk Category III structure would be
effectively designed as Risk Category I or lower.

MRI-Based Approach

Changes in Design Wind Speed under Climate Change

As mentioned earlier, the LEP-based approach (targeting the LEP
for each risk category specified by ASCE 7-22) may lead to annual

Fig. 6. Effective risk category for Risk Category III structures if designed under the stationary assumption: (a) 50-year lifetime built in 2000;
(b) 100-year lifetime built in 2000; (c) 50-year lifetime built in 2030; and (d) 70-year lifetime built in 2030.

Table 4. Proportion of counties failing to meet target LEPs

Structure
type Existing Planned

Lifespan Average Longer Average Longer

Counties
considered All Coastal All Coastal All Coastal All Coastal

Risk
category (%) (%) (%) (%) (%) (%) (%) (%)

I 49.0 81.0 54.7 87.9 54.3 86.2 56.8 89.1
II 47.8 74.2 52.8 86.8 52.3 85.1 53.6 86.8
III 45.4 74.7 50.5 86.2 49.4 81.7 52.5 86.8
IV 42.9 70.7 48.7 83.9 47.6 78.7 50.7 84.5
Average 46.3 75.2 51.7 86.2 50.9 82.9 53.4 86.8

Table 5. Proportion of counties with effective risk categories at least two
categories too low

Structure
type Existing Planned

Lifespan Average Longer Average Longer

Counties
considered All Coastal All Coastal All Coastal All Coastal

Risk
category (%) (%) (%) (%) (%) (%) (%) (%)

II 8.2 25.3 20.3 46.0 21.9 46.6 25.1 54.0
III 9.0 26.4 21.6 47.7 22.6 48.9 26.3 54.0
IV 18.5 38.5 32.7 59.8 33.8 61.5 36.3 65.5
Average 11.9 30.1 24.9 51.2 26.1 52.3 29.2 57.8
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failure rates that exceed those currently specified by ASCE 7-22
toward the end of the design lifetime. It is possible to yield accept-
able annual levels of risk by using an MRI-based approach based
on the most extreme year in a structure’s lifetime, although this is a
more conservative approach. Because MRIs and LEPs are equiva-
lent measures of risk in a stationary climate, it was not necessary to
recalculate the stationary design wind speeds (Figs. 3 and S2–S4)
for this approach. The nonstationary MRI design wind speeds were
calculated for the design lifetimes and construction years specified
in Table 1. Because the GPD parameters were linearly interpolated
in this study, the most extreme year always occurred at the begin-
ning or end of a structure’s lifetime, usually the latter since most
locations experienced increases in wind speeds over time under cli-
mate change.

Fig. 7 shows the increases in the design wind speeds for Risk
Category III using the MRI-based approach, while Figs. S14–S16
show the percent increases in design wind speed using the MRI-
based approach for Risk Categories I, II, and IV. The trends for
increases in Risk Category III design wind speeds using the

MRI-based approach are similar to those using the LEP-based ap-
proach, with the largest increases occurring primarily in Florida and
Louisiana, and the magnitude of the increases increasing with prox-
imity to the coast while decreasing with latitude. Many locations
along the Gulf and South Atlantic coasts saw increases of up to
50% (depending on the year of construction and design lifetime),
which is larger than the 40% increases seen with the LEP-based
approach.

Depending on the combination of risk category, build year, and
design lifetime, the mean design wind speeds using the MRI-based
approach increased by 5%–10%, and this increased to 11%–25%
when only considering coastal locations. As expected, the MRI-
based approach leads to higher design wind speeds. The MRI-based
approach is also more prone to outliers, as only the most extreme
year of data is considered, whereas every year of a structure’s life-
time is considered in the LEP-based method. If the MRI-based ap-
proach is used in the nonstationary climate, it may be necessary
to run a larger simulation to reduce this propensity for outliers.
The MRI-based approach also does not yield as many decreases

Fig. 7. Percent changes from stationary to nonstationary Risk Category III design wind speeds using theMRI-based approach: (a) 50-year design lifetime
built in 2000; (b) 100-year design lifetime built in 2000; (c) 50-year design lifetime built in 2030; and (d) 70-year design lifetime built in 2030.
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in design wind speed as the LEP-based approach, as it considers
only the worst-case year. The only reason it yields decreases at all
is because for counties with decreasing wind speeds, the highest
extreme wind speeds for the two design scenarios built in 2030 are
in 2030, and those are less than the extreme wind speeds in 2000
calculated for the stationary approach.

Comparison with Previous Studies

While no previous studies have calculated design wind speeds for
the United States using the LEP method, previous studies have done
so using the MRI-based approach. Esmaeili and Barbato (2021)
found that the design wind speeds associated with the MRIs pro-
vided by ASCE 7-22 increased on the coast by an average of ap-
proximately 25% for all risk categories under the emissions scenario
RCP8.5 by the year 2060. None of the scenarios in this paper have
design lifetimes that end in 2060, but there were scenarios with a
50-year service lifetime ending in 2050 and 2080, which saw aver-
age increases in the MRI-based design wind speed on the coast of
around 11% and 17%, respectively [Figs. 7(a and c) and S14–16(a
and c)]. The magnitude of those increases is comparable to those
of Esmaeili and Barbato (2021), and the slightly lower values in
this study can be largely attributed to different predictions about
the Northeastern United States, an area which warrants further
discussion.

There are many conflicting predictions about both the magni-
tude and geospatial distribution of increases in design wind speed
in the Northeastern United States due to climate change. Esmaeili
and Barbato (2021) predicted the highest increases in design winds
to occur in the Northeast, on the order of 30%–40%, with the larg-
est values occurring in Massachusetts, the northernmost point con-
sidered. Snaiki and Wu (2020a) found that for Risk Category I–III
structures, the range of design wind speed increases along the
Northeastern coast was 0%–15% under RCP8.5 in the future climate
of 2081–2100. The largest increases occurred along the Delmarva
Peninsula and the coast of Maine, and the increases converged to
around 0% near Cape Cod. Mudd et al. (2014) found that Risk Cat-
egory II design wind speeds increased the most in Maine, around
25%, with the rest of the Northeast coast experiencing a relatively
uniform increase of around 10%. Finally, this study found design
wind speeds for Risk Category I–III structures increased around
20%–30% along the Delmarva Peninsula and around 0%–20% in
New England, although there were few locations studied there
(Figs. 7 and S14–15). Some of the discrepancies can be explained
by differences in TC modeling and study parameters; although all
four studies assumed RCP8.5, each study calculated the results for
different years ranging between 2060–2100 and used different TC
models. Also, this study employed a synthetic data set that is lim-
ited in sample size (1,000–1,500-year simulations) and has large
statistical uncertainty for the Northeast region. Still, the significant
variation in the geospatial distribution of increases suggests fun-
damental research is needed for this region (e.g., on the effect of
ET, which is not explicitly considered in the synthetic TC models).

Future Considerations

TC Modeling

The results suggest that increased TC activity due to climate change
renders the current ASCE 7 design wind speeds unconservative in
many locations, but there are several aspects of this study which
require further research. The synthetic TC data from Gori et al.
(2022) featured an increase in TC frequency due to climate change,
which is supported by some recent studies (Bhatia et al. 2018;

Emanuel 2021; Fedorov et al. 2018; Vecchi et al. 2019), but other
studies suggest that TC frequency will either remain the same or
decrease (Committee on Adaption to a Changing Climate 2018;
Knutson et al. 2020). Gori et al. (2022) found that even if the TC
frequency was held constant, the joint surge-rainfall hazard (driven
by the wind) was still projected to increase greatly with climate
change, suggesting that a decrease in TC frequency does not pre-
clude an increase in extreme wind speeds. Still, further research is
needed to establish the effects of climate change on TC frequency
and thus on the design wind speeds.

In this study, some inland counties and a few Gulf Coast counties,
specifically Nueces County, TX and Cameron Parish, LA, experi-
enced decreases in design wind speed. It is physically unlikely for
the counties along the Gulf Coast to experience decreases in design
wind speed with climate change, especially given that their border-
ing counties experienced increases in design wind speed (Fig. 4)
and that the counties themselves experienced increases in 50-year
wind speeds (Fig. 2). Even with the large number of synthetic TCs
(1,000–1,500 years of simulations) from Gori et al. (2022), there
was still a large degree of uncertainty in the return level curves at
the long return periods (e.g., 3,000-year winds). It is likely the ap-
parent decreases in design wind speeds are mainly due to statistical
uncertainty, and future research should use a much greater number
of synthetic TCs to reduce uncertainty. The location sampling den-
sity could also be increased, perhaps calculating wind speeds for
each zip code as done in Mudd et al. (2014), allowing for smoothing
of the design wind speeds and the exclusion of statistical outliers.
Given the large geophysical regions covered and relatively large
number of simulations considered, simple parametric wind models
were applied in this study; boundary layer models (e.g., Vickery
et al. 2009a) may also be used to obtain more accurate surface wind
speeds in future studies.

The differences in the projection of design wind speeds in this
study and in previous studies result mainly from the different TC
models used. While the model used in this study considers the
effect of various nonstationary climate variables, most other mod-
els used in the previous studies considered only the effect of SST
change. SST change is a primary driver of increased TC intensity
from climate change, but additional changes in climate may either
compound or diminish the effects of that increased intensity on the
design wind speeds in the contiguous United States. For example,
changes in large-scale wind patterns may influence the landfalling
rate of TCs at various points along the coast. In addition to the
synthetic TC models of Emanuel et al. (2008) and Snaiki and Wu
(2020b), those of Jing and Lin (2019, 2020) and Lee et al. (2018)
also involve various key climate variables and can be used to effi-
ciently simulate synthetic TCs for future climates. The methodology
to calculate design wind speeds presented here does not depend on
the choice of synthetic model and can thus be easily adapted as syn-
thetic TC modeling advances. Finally, uncertainties induced by the
TC modeling may be better quantified by calculating the design
wind speeds using various TC models.

Non-TC Modeling

Yeo et al. (2014) found that the coastal locations they studied in
the Southeast United States had extreme wind curves dominated by
TCs, so it is unlikely that increases in non-TC winds due to climate
change would impact those locations significantly. However, in-
land extreme winds are often dominated by thunderstorm winds
(Twisdale and Vickery 1992), and extreme winds for the coastal
midlatitudes are highly influenced by ETCs (Colle et al. 2015).
Thus, further research should be conducted on how climate change
will affect thunderstorm and ETC winds, as those could lead to
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significantly increased wind speeds for the interior United States
as well as the mid-Atlantic and Northeast US coasts. Future re-
search should also consider the impacts of climate change on hy-
brid events, like Hurricane Sandy, as current synthetic TC models
do not capture the effect of the ET. It is not clear how hybrid events
may change differently compared to TC events under climate change.
As with TC-winds, the methodology to calculate design wind speeds
does not depend on the underlying non-TC wind distributions and
could be adapted to account for nonstationary non-TC winds as
the science advances.

Adapting the Building Code

Climate nonstationarity presents new challenges for the building
code. It has not been decided whether future design wind speeds
should be based on maintaining the current lifetime risk (e.g., the
LEP-based approach) or on maintaining the current annual risk
(e.g., the MRI-based approach). Still, in both approaches, design
wind speeds are a function of both structure lifetime and year of
construction in addition to the current parameters of location and
risk category, making it impractical to include design wind speed
maps for all the possible combinations of risk category, lifetime,
and build year. In addition to the ASCE 7 design wind speed maps,
designers can currently obtain equivalent design wind speeds from
the online ASCE 7 Hazard Tool (ASCE 2024), which is likely a
more efficient method when considering a nonstationary climate.
The wind speed calculations on the website would have to be up-
dated to reflect a nonstationary climate, either via the LEP-based or
MRI-based methods; for the user, the only change would be a re-
quirement to specify the design lifetime of the structure and the
structure’s year of construction. As an example of what this would
entail, a rudimentary R package was created to give the nonstation-
ary design wind speed based on a structure’s location, risk category,
lifespan, and year of construction, using either the LEP-based or
MRI-based method. This program is available from the authors
upon reasonable request.

There are also many policy considerations to be made. As cli-
mate models advance and better estimates of greenhouse gas emis-
sions are obtained, design wind speed projections should also be
updated. These projections will be highly dependent on our future
emissions, and it must be considered how often to update the design
wind speeds. This study considered only the high emissions sce-
nario SSP5-8.5, but Xi et al. (2023) found that the moderate emis-
sions scenario SSP2-4.5 still results in significant increases in TC
hazards. Various emissions scenarios may be considered in the de-
velopment of the building code. Additionally, it must be considered
how to grandfather in existing structures which may have been de-
signed for lower design wind speeds.

In the meantime, designers may consider performing climate
change impact studies on their structures, where the performance
of the structure under variable wind conditions can be tailored to
the owner’s requirements. The online hazard tool can be used to
provide the underlying full hazard information (e.g., annual maxi-
mum wind distributions) to support performance-based design that
also accounts for the uncertainty in structural resistance. Because
velocity pressure is a function of design wind speed squared, the
estimated average increase of 6%–15% in design wind speeds on
the coast would lead to an average 12%–32% increase in wind pres-
sures. Additionally, given the high spatial variability of the design
wind speed increases, portions of the Gulf Coast could see a dou-
bling of their wind pressures due to increased design wind speeds.
For those structures that have already been built, designers may
wish to perform similar analyses to ensure that the structures will
still perform at acceptable risk levels in the changing climate.

Conclusions

This study applied an LEP-based methodology to examine the in-
creases in design wind speed due to climate change and the resulting
risk to structures if climate change is not considered in the building
code wind provisions. Synthetic TC data generated from CMIP6
using the high emissions scenario SSP5-8.5 were used to estimate
wind speed return level curves for 881 counties affected by TCs
along the US Gulf and Atlantic coasts, and nonstationary methods
were used to calculate design wind speeds for four indicative design
scenarios. It was found that depending on the risk category, design
lifetime, and year of construction, a 3%–6% average increase in de-
sign wind speeds across all counties studied and a 6%–15% increase
for coastal counties would be necessary to maintain the current
acceptable LEPs as prescribed in ASCE 7. As a result of those in-
creases, 71%–89% of coastal counties currently have design wind
speeds that would not yield acceptable LEPs in the changing cli-
mate. Depending on the design lifetime and year of construction,
8%–36% of all counties studied and 25%–66% of coastal counties
have Risk Category II–IV design wind speeds that are projected to
result in LEPs that are at least two risk categories too low. These
findings suggest that the current ASCE 7 design wind speeds are
unconservative, and future research should be conducted to more
precisely determine the effects of climate change on design wind
speeds in the United States, specifically considering the effects of
climate change on TC frequency and thunderstorm and ETC activity.
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