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CL IMATOLOGY

Increased U.S. coastal hurricane risk under
climate change
Karthik Balaguru1*, Wenwei Xu1, Chuan-Chieh Chang1, L. Ruby Leung1, David R. Judi1,
Samson M. Hagos1, Michael F. Wehner2, James P. Kossin3, Mingfang Ting4

Several pathways for how climate change may influence the U.S. coastal hurricane risk have been proposed, but
the physical mechanisms and possible connections between various pathways remain unclear. Here, future pro-
jections of hurricane activity (1980–2100), downscaled frommultiple climatemodels using a synthetic hurricane
model, show an enhanced hurricane frequency for the Gulf and lower East coast regions. The increase in coastal
hurricane frequency is driven primarily by changes in steering flow, which can be attributed to the development
of an upper-level cyclonic circulation over the western Atlantic. The latter is part of the baroclinic stationary
Rossby waves forced mainly by increased diabatic heating in the eastern tropical Pacific, a robust signal
across the multimodel ensemble. Last, these heating changes also play a key role in decreasing wind shear
near the U.S. coast, further aggravating coastal hurricane risk enhanced by the physically connected steering
flow changes.
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INTRODUCTION
Hurricanes rank among the leading causes of economic damages in
the United States annually (1–3) with wide-ranging societal impacts
upon landfall (4, 5). It is thus of great socioeconomic and scientific
interest to understand how the risk associated with hurricanes will
evolve in the future climate. As the planet continues to warm, global
hurricane risk is expected to rise (1, 6–11), because of increases in
storm maximum intensity (11–15), decreases in translation speed
(11, 16–18), increasing near-center precipitation rate (19–21), and
shifting tracks (22). However, examining changes in storm charac-
teristics at global or basin scales can occasionally mask notable re-
gional shifts in climate model simulations, making it difficult to
interpret hurricane risk locally. Therefore, besides exploring
changes in various aspects of hurricanes on the global scale, a
better understanding of how hurricane characteristics will evolve
on regional scales is particularly important for assessing future
losses resulting from landfalling storms. As indicated by a
number of studies, anticipated stalling of storms (16–18, 23), in-
creasing hurricane intensification rates (24, 25), and slower dissipa-
tion after landfall (26) could pose greater hazards to coastal
communities in future (27). In addition, future growth in popula-
tion and wealth along the U.S. Gulf and East coasts combined with
rising sea levels (6, 15) could further exacerbate the risk associated
with landfalling hurricanes (2).

Despite this, the physical mechanisms responsible for how an-
thropogenic climate change will influence certain aspects of hurri-
canes in the nearshore region are not well understood. For instance,
climate models project a robust decrease in vertical wind shear near
the U.S. coast (24, 25, 28, 29), but the underlying physical rationales
have not been firmly established. Similarly, the relative importance
of various processes leading to the slowdown of storms (16–18, 23)
and changes in hurricane landfall (30–34) remains unclear. Beyond

physical understanding, robust quantification of anthropogenic in-
fluence on near-coastal hurricane characteristics is difficult to
achieve on the basis of observations and dynamical models (15,
35). On average, only one to two hurricanes make landfall each
year over the continental United States (2), and such limited histor-
ical records are not enough to derive meaningful estimates of how
the long-term risk posed by the hurricanes may respond to a chang-
ing climate (35, 36). General circulation models (GCMs) are the
most straightforward approach to assessing the impact of climate
change on hurricane risk as they directly simulate hurricane evolu-
tion based on physical laws. However, it is computationally expen-
sive to generate a sufficient number of storms for hazard assessment
because high spatial resolutions are necessary to realistically simu-
late the distributions of storm tracks and intensities (15, 37, 38).

Consequently, statistical-dynamical downscaling methods ex-
ploiting the dependence of hurricane climatology on the large-
scale storm environment have been developed to generate large en-
sembles of synthetic hurricane tracks (35, 36, 39). In this study, we
use the Risk Analysis Framework for Tropical Cyclones (RAFT)
(40), a hybrid modeling approach that combines physics, statistics,
and machine learning to produce a large number of synthetic hur-
ricanes, including tracks and along-track intensities (see Materials
and Methods and text S1), to understand how the U.S. coastal hur-
ricane risk may change with projected climate change. Subse-
quently, we use a nonlinear stationary wave model (SWM) (41) to
uncover the dynamical mechanisms that play a key role in the evolv-
ing coastal hurricane risk.

RESULTS
The coastal hurricane frequency (CHF) (42), estimated on the basis
of RAFT (40) and environmental fields from National Centers for
Environmental Prediction (NCEP) (43) and ECMWF Reanalysis v5
(ERA5) (44) (see Materials and Methods), is shown in Fig. 1A over
the historical period of 1979–2018. The CHF is defined as the
number of 6-hour overland hurricane track locations per square
degree per year, where the storm intensity exceeds a threshold
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Fig. 1. Projected change in U.S. hurricane risk based on Risk Analysis Framework for Tropical Cyclones (RAFT). (A) Climatological coastal hurricane frequency
(CHF), defined as the number of 6-hour hurricane track locations per square degree per year, obtained when RAFT is used with reanalysis (1979–2018). All track locations
where the storm intensity exceeds 25 knots are used. (B) Climatological CHF obtained when RAFT is used with historical phase 6 of the Coupled Model Intercomparison
Project (CMIP6) simulations. Ensemblemean of eightmodels for the historical period 1980–2014 is shown. All track locations where the storm intensity exceeds 21.5 knots
are used to estimate CHF. (C) Change in CHF for the future period (2066–2100) with respect to the historical period (1980–2014) under the SSP585 emissions scenario. (D)
As in (C) but based only on the track model in RAFT. A 2-day cutoff is used to truncate tracks over land. (E) Change in CHF for the future period based on projected change
in translation speed. (F) Contribution of projected change in landfall to future change in CHF estimated as the difference between (D) and (E). In (C) to (F), black dots
indicate those locations where seven of the eight models agree on the sign of the change.
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(see Materials and Methods). The potential threat that hurricanes
pose to coastal communities can be assessed using the CHF
because it considers the combined effects of hurricane frequency,
intensity, track patterns, and translation speeds. As revealed in
Fig. 1A, the Gulf Coast and the lower East Coast (south of 40°N)
have experienced higher hurricane risk than the upper East Coast
(north of 40°N) from 1979 to 2018. Regions that have been partic-
ularly vulnerable to hurricanes include the lower East Coast,
Florida, and the coasts of Texas and Louisiana (Fig. 1A). Further-
more, CHF simulated with the reanalysis datasets is in reasonable
agreement with that obtained using the best-track data (fig. S1A)
with a pattern correlation of about 0.7 (significant at the 99% con-
fidence level) and a mean absolute error of about 0.05, demonstrat-
ing the ability of RAFT to quantitatively estimate the risk posed by
hurricanes for the coastal regions. Next, environmental fields
derived from eight climate models belonging to phase 6 of the
Coupled Model Intercomparison Project (CMIP6) (45) are used
with RAFT (see Materials and Methods). The spatial pattern of
CHF obtained by applying RAFT to the historical CMIP6 simula-
tions, covering the period 1980–2014, shows broad agreement with
that generated using reanalysis (a pattern correlation of 0.85 that is
significant at the 99% level and a mean absolute error of about 0.04)
as it presents higher CHF along the lower East Coast, over Florida
peninsula and near the Texas coast (Fig. 1B). However, some biases
in the magnitude are visible. RAFT forced with the environmental
fields from CMIP6 simulations tends to underestimate the CHF
over Florida peninsula, and the CHF near the upper East Coast is
somewhat overestimated during 1980–2014. Despite the discrepan-
cies, many aspects of the observed CHF (fig. S1A) are captured by
RAFT during the historical period when combined with the CMIP6
multimodel ensemble.

Now, we consider potential changes in CHF under “SSP585,” a
future climate scenario in which the planet’s radiative forcing is ex-
pected to increase by about 8.5 Wm−2 at the end of the 21st century
(46). Changes in CHF for the future period (2066–2100) with
respect to the historical period (1980–2014) are positive over
much of the Gulf Coast and the lower East Coast (Fig. 1C), with
the largest increases projected to occur over the northern Gulf
Coast and Florida peninsula. However, for the upper East Coast,
the CHF anomalies are weakly negative and largely insignificant.
Because changes in the CHF include the joint effects of intensity
and steering flow, we next examine the changes in CHF based
only on the track model within RAFT to isolate the role of steering
flow. The results based on the track model, assuming no change in
hurricane intensity (Fig. 1D), suggest that the CHF will likely in-
crease over much of the Gulf Coast, Florida peninsula, and the
lower East Coast and decrease near the upper East Coast and are
largely consistent with those based on the combined changes of in-
tensity and tracks (Fig. 1C). The similarity between Fig. 1C and
Fig. 1D indicates that differences in steering flow are the major
drivers for the overall change in CHF. Further decomposing the
effects of steering flow (see Materials and Methods) reveals that
the contribution from translation speed (Fig. 1E) is notable but
weakly positive for most coastal areas. The positive contribution
of translation speed to CHF is due to a slowing down or stalling
of storms over the US (Fig 2B), which is projected to occur under
climate change by some studies (16–18). Besides translation speed,
landfall or a shift in tracks is the other important pathway through
which the steering flow affects CHF. Note that the spatiotemporal

distribution of genesis is held fixed for both the historical and future
periods, in part due to the ambiguity associated with future projec-
tions of Atlantic hurricane genesis (see text S1 for further details).
Nevertheless, an examination of CHF changes projected by high-
resolution climate models points toward potential regional uncer-
tainty associated with results based on RAFT that ignores genesis
changes, especially for the lower East Coast (see text S2). Despite
the limitations associated with the representation of genesis in
RAFT, the framework provides an effective means to isolate the
role of steering flow in the evolving hurricane risk. The impact of
changes in hurricane track pattern on CHF, obtained as the differ-
ence between Fig. 1D and Fig. 1E (see Materials andMethods), sug-
gests that it plays the dominant role. More specifically, the dipole-
like spatial pattern of a broad increase in CHF over the Gulf and
lower East Coast regions, and a projected decrease in CHF near
the upper East Coast, can mainly be attributed to steering flow-
induced changes in hurricane tracks. The map of changes in hurri-
cane strike probabilities along the coast (fig. S2) is consistent with
this assessment.

Because future changes in CHF projected by RAFT are mainly
caused by shifts in tracks, we now explore how the environmental
steering flow and its associated large-scale winds will evolve as
climate changes. Changes in the multimodel ensemble mean steer-
ing flow (Fig. 2A) under the SSP585 scenario reveal that the steering
flow is projected to become more easterly near the East Coast and
more southeasterly in the Gulf ofMexico. Away from the East Coast,
the steering flow will become northeasterly over much of the North
Atlantic, especially north of 20°N. At the basin scale, the change in
hurricane frequency projected by RAFT (fig. S1D) suggests a large
increase over the western Atlantic and a weak decrease over the
eastern Atlantic. The increase over the western Atlantic occurs
because of two reasons. First, the change in hurricane steering
flow shifts tracks westward and closer to the U.S. coast. Second,
the westward shift in tracks causes storms to go through a climato-
logically more favorable environment in the western part of the
basin. Consequently, there is a substantial enhancement of hurri-
cane frequency over the western Atlantic that leads to an increase
in CHF for the Gulf Coast and lower East Coast regions (Fig. 1C).

Also, these changes in steering flow tend to oppose the climato-
logical steering flow pattern and will decrease the hurricane trans-
lation speed in the subtropical North Atlantic and over the
continental United States (Fig. 2B). This is consistent with the in-
fluence of translation speed on CHF noted earlier (Fig. 1E). In
RAFT, the steering flow is defined as a weighted mean of winds at
200 and 850 hPa. Examining changes of winds at different levels
separately shows that steering flow changes are dominated by the
200-hPa anomalous easterlies and southeasterlies close to the U.S.
coast (Fig. 2C) and by those at 850 hPa away from the U.S. coast in
the North Atlantic (Fig. 2D). At 200 hPa, the development of a cy-
clonic circulation anomaly above the Gulf of Mexico (Fig. 2C) is
visible, and the northern branch of the cyclone decelerates the west-
erlies north of 30°N and may cause a considerable slowdown of
storms near the populated coastal regions (18, 16). Changes in
850-hPa winds are northeasterly north of 30°N, and northerly
between 20°N and 30°N (Fig. 2D). In addition, the intensifying east-
erly trades over the Caribbean sea tend to accelerate storm motion
over this area, consistent with previous studies (18). While these
results are based on winds at the 200- and 850-hPa levels, additional
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analysis indicates that they are not sensitive to the exact definition of
steering flow used (fig. S3).

Diagnoses using RAFT delineate the dominant role of steering
flow in driving the heightened U.S. coastal hurricane risk under a
changing climate and motivate us to explore the following impor-
tant question: What are the underlying dynamical mechanisms re-
sponsible for changes in the large-scale hurricane steering flow?
Climatological steering flow is principally shaped by geographically
fixed low-frequency circulation patterns, such as the subtropical
high (47), which are an integral part of the stationary waves.
These planetary-scale, zonally asymmetric circulation features are
relatively stable on the seasonal time scales and arise because of lon-
gitudinal asymmetries in topography, diabatic heating, and synoptic
eddies (48, 49, 50). Also, they are influenced by the structure of the
background zonal-mean flow (51). Here, to better understand the
key physical driver in the CMIP6 models, we carry out seven ideal-
ized sensitivity experiments with the SWM (table S1). The control
run (CTRL) computes deviations from a prescribed zonally sym-
metric mean state in response to the diabatic heating, transient
eddies, and topography in the present (1980–2014) climate. Simu-
lations for the future period (2066–2100) are conducted by applying
the basic state and various asymmetric forcings projected by CMIP6
models under the SSP585 emissions scenario as perturbations to the
CTRL. The relative contribution of the anomalous basic state, dia-
batic heating, and transient forcing to the projected total change in

circulation is assessed by the following sensitivity runs: CTRL +
ΔBS, CTRL + ΔDH, and CTRL + ΔTranF, respectively. In each ex-
periment, only the future input of interest is used and all other
inputs are fixed at their historical values. See text S3 for a more de-
tailed description of the model and its validation.

As revealed by the ensemble mean of CMIP6 projections, the
tropospheric response to the increasing anthropogenic forcing is
characterized by a vertical phase reversal between 10°N and 40°N
(Fig. 3, A and B). At 850 hPa, a region of positive streamfunction
(ψ) anomaly with anticyclonic flow extends from the Caribbean Sea
in the Atlantic to about 120°W in the eastern Pacific, and two anom-
alous lows are located over the subtropical central Pacific and the
eastern North Atlantic (Fig. 3A). The projected lower tropospheric
circulation pattern suggests a potential westward shift or expansion
of the North Atlantic subtropical high (52), which has been regard-
ed to have important implications for the U.S. regional precipitation
in a warmer climate (53). Meanwhile, the strengthened upper-level
cyclonic circulation above the far-eastern North Pacific and the Gulf
of Mexico plays a decisive role in steering flow changes near the U.S.
coast, as noted earlier (Fig. 2A). When the SWM is subject to simul-
taneous changes in basic states, diabatic heating, and transient
eddies, the spatial pattern of the coupled model’s circulation re-
sponse is qualitatively reproduced at both 850- and 200-hPa levels
(Fig. 3, C and D). The magnitude of ψ difference, however, is some-
what overestimated in the model, particularly for the anomalous

Fig. 2. Projected changes in the environmental steering flow under the SSP585 scenario. (A) Vector changes in steering flow. (B) Changes in translation speed
(shaded) with vectors of climatological steering flow from the historical period overlaid. Vector changes in winds at (C) upper level (200 hPa) and (D) lower level (850 hPa).
Note that the winds at the upper and lower levels are multiplied by 0.2 and 0.8, respectively, to reflect their relevance to the steering flow. Changes are based on the
ensemble mean of eight phase 6 of the Coupled Model Intercomparison Project (CMIP6) models. All parameters are averaged over the months of August to October.
“Change” indicates the difference between the mean over the future period (2066–2100) and the historical period (1980–2014). In (A), (C), and (D), blue arrows indicate
locations where changes in vector magnitude are statistically significant at the 95% level based on the Student’s t test. In (B), nonwhite shaded areas represent locations
where changes in translation speed are significant at the 95% level based on the Student’s t test.
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high centered over the Central American region at 850
hPa (Fig. 3C).

Because the SWM reasonably reproduces the large-scale dynam-
ical response of CMIP6 models to anthropogenic forcing, it allows
us to further examine the effect of each forcing mechanism and un-
derstand their relative importance. In particular, the primary goal is
to understand the physical drivers behind the anomalous 200-hPa
cyclonic circulation (Fig. 3B). The changing zonal-mean basic state
partially contributes to the increased landfall probability (Fig. 1, D
and F) possibly through the enhanced easterlies over the subtropical
northwestern Atlantic and the coastal regions of the Gulf of Mexico
(Fig. 4A). The weakening of westerly wind occurs over a broad lat-
itude band between 0° and 30°N (Fig. 4A) and is consistent with the
poleward shift of the zonal-mean midlatitude jet in the Northern
Hemisphere (fig. S4A), which has been robustly projected by
various climate models (18, 54, 55). According to the thermal-
wind relationship, such jet response requires a broad warming ex-
pansion from the tropics to about 40°N (fig. S4A), and the adiabatic
warming in the subtropical mid- and upper troposphere can be
further traced back to the enhanced descending motion driven by
transient eddies (54). On the other hand, the response to the anom-
alous transient momentum forcing is relatively weak in the SWM
(fig. S4B), and both changes in the zonal-mean basic state and tran-
sient forcing are unable to explain the enhanced 200-hPa cyclonic
winds in a warmer climate (Fig. 3B).

The strengthening of upper tropospheric cyclonic circulation
with global warming is primarily caused by changes in diabatic
heating (Fig. 4B). Underneath the broad cyclonic circulation, a
low-level anticyclonic anomaly forms over the Central American

region, which extends over large swaths of the southern United
States and into the Atlantic storm-track region. Also, it is worth
noting that the easterly trades in the lower troposphere (Fig. 4C),
as well as the upper tropospheric westerly winds, intensify
(Fig. 4B) in response to variations of tropical heating (Fig. 4D)
over the Caribbean Sea. Such flow differences help to explain why
several studies (25, 28, 56) found a secular increase of vertical wind
shear over this region in different climate model projections. Fur-
thermore, the baroclinic circulation response (Fig. 4, B and C)
excited by the diabatic cooling in the tropical North Atlantic and
the positive heating anomalies over the tropical northeastern
Pacific (Fig. 4D) is largely consistent with the Gill model’s solution
(57). Previously, it has been proposed that the formation of such a
heat-induced stationary baroclinic Rossby wave is mainly reinforced
by the anomalous diabatic cooling over the tropical North Atlantic
in the late 21st century (56). To test this hypothesis, two sensitivity
experiments (i.e., CTRL + ΔPacDH and CTRL + ΔAtlDH in table
S1) are further carried out. However, our results draw a different
conclusion and suggest that the positive heating anomalies over
the tropical Pacific sector (fig. S5A) play a dominant role in main-
taining the anomalously extensive baroclinic circulation extending
from eastern Africa to the northeastern Pacific (fig. S5, B and C),
with the secondary contribution coming from the anomalous dia-
batic cooling over the tropical North Atlantic (fig. S5, D to F). A
weaker baroclinic atmospheric response (fig. S5, E and F) is
found when the SWM is forced by regional diabatic cooling
shown in fig. S5D.

So far, we have seen how future changes in the large-scale winds
forced by heating changes in the tropics can affect U.S. hurricanes

Fig. 3. Changes in the large-scalewind patterns under the SSP585 scenario simulated by the stationary wavemodel (SWM). Projected changes in streamfunction
(shaded, 106 m2s−1) and winds (vector, ms−1) simulated by the ensemble mean of eight phase 6 of the Coupled Model Intercomparison Project (CMIP6) models at (A) 850
and (B) 200 hPa. In (A) and (B), white stippling denotes the areas where the changes in streamfunction are statistically significant at 95% level based on the Student’s t test.
(C) and (D) are same as (A) and (B), but for changes simulated by the SWM. All parameters are averaged over the months of August to October. Change indicates the
difference between the mean over the future period (2066–2100) and the historical period (1980–2014). EQ, equator.
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and landfall through their influence on steering flow. However, the
projected changes of winds at different levels can also affect the ver-
tical wind shear near the U.S. coast. The CMIP6multimodel ensem-
ble suggests that wind shear will likely reduce near the East Coast of
the United States and the northern Gulf of Mexico (Fig. 5A), in line
with several previous studies (24, 25, 28, 29). When the SWM is
forced by simultaneous changes in basic states, diabatic heating,
and transient eddies, it broadly reproduces the spatial pattern of
wind shear responses over the North Atlantic and the eastern
Pacific (Fig. 5B). In particular, the SWM consistently shows a de-
crease in shear near the East and Gulf coastal regions (Fig. 5B).
Further analysis reveals that changes in diabatic heating are primar-
ily responsible for the shear reduction near the coast (Fig. 5C) with
the secondary contribution coming from the changing basic state
(Fig. 5D). Thus, in addition to altering the steering flow, future
changes in diabatic heating could lead to increases in hurricane in-
tensification (24, 25) and tropical cyclogenesis (34) near the U.S.
coast through the influence on wind shear, highlighting the broad
implication of the mechanism identified in this study. Nevertheless,
the projected decrease in translation speeds over the subtropical
North Atlantic (Fig. 2B) is mainly driven by changes in basic state
(fig. S6), which can be likely linked to the poleward shift of the mid-
latitude westerlies (18).

DISCUSSION
Several studies examined shifts in hurricane tracks, at global and re-
gional scales, in observations and future climate projections (18, 22,

30–34). However, considerable uncertainty remains regarding the
effect of steering flow changes with some studies favoring an in-
crease in U.S. hurricane landfall (34) and others projecting a pre-
dominant decrease (31, 33). A physical rationale for the projected
changes in steering flow has not been established. In this study,
we address this using a suite of numerical simulations based on
RAFT and a SWM. With a large number of synthetic tracks simu-
lated by RAFTwhich overcome the GCM hurricane sampling issue,
our results indicate that future changes in steering flow will likely
favor an increase in CHF, especially for the Gulf Coast and lower
East Coast. Furthermore, changes in the steering flow are mainly
driven by the projected strengthening of an upper tropospheric cy-
clonic circulation above the Gulf of Mexico, which can be regarded
as a Gill-type response to the enhanced heating in the eastern trop-
ical Pacific and diabatic cooling over the tropical North Atlantic
(Fig. 6). Although simulations based on RAFT project an average
increase in CHF of 37 ± 30% for the U.S. Gulf and Atlantic
coasts, it must be noted that the use of a time-invariant genesis
may introduce some uncertainties in these estimates. A qualitative
examination of results based on high-resolution climate models
suggests that changes in cyclogenesis may overwhelm the effects
of steering flow changes in certain regions (text S2). Therefore,
studies that address the ambiguity associated with a shift in
genesis are needed to further reduce the uncertainty in our projec-
tions of future hurricane risk.

In this study, we have also demonstrated the sensitivity of pro-
jected large-scale winds to tropical heating, or precipitation
changes, which are largely governed by the spatial pattern of

Fig. 4. Understanding changes in the large-scale wind patterns under the SSP585 scenario using the stationary wave model (SWM). (A) Contribution from the
anomalous zonal-mean basic state to changes in the streamfunction (shaded, 106 m2s−1) and winds (vector, ms−1) at 200 hPa. (B) Same as (A), but for the contribution
from the anomalous zonally asymmetric diabatic heating. (C) Same as (B), but at 850 hPa. (D) Projected changes in column-averaged pressure-weighted diabatic heating
(K day−1). Stippling indicates locations where the ensemble-mean changes are statistically significant at the 95% level. All parameters are averaged over the months of
August to October. Change indicates the difference between the mean over the future period (2066–2100) and the historical period (1980–2014). EQ, equator.
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future sea surface temperature (SST) warming (58–60). The physical
framework of relative SST warming is mainly built upon thermody-
namic considerations. In the tropics, upper tropospheric warming is
nearly uniform and approximately follows tropical-mean SST
warming (58) because temperature gradients are quickly adjusted
by equatorial waves (61, 62). In contrast, the moist static energy
in the boundary layer is strongly modulated by the local SST (63).
Enhanced local SST warming therefore leads to a regional destabi-
lization of the atmosphere and favors the occurrence of convective
precipitation, enhancing diabatic heating. Correlation analysis indi-
cates that the intermodel uncertainty of projected heating trends
over the tropical Pacific and theMaritime continent is strongly con-
strained by the response of the equatorial Pacific zonal SST gradient
to climate change (fig. S7B), suggesting the need to reduce the dif-
ferences in SST projection (fig. S7A). Some studies suggested a shift
toward a more El Niño–like mean state under global warming (58).
While CMIP5 models show large uncertainty in such SST warming
patterns, a strong consensus has emerged in the CMIP6multimodel
ensemble regarding the El Niño–like warming pattern under
climate change (64), but the differences between the CMIP5 and
CMIP6 SST warming patterns are not well understood. Important
sources contributing to the uncertainty of future SST warming
pattern include large-scale ocean dynamics (65, 66), cloud-radiation
feedback (67), wind-evaporation SST feedback (68), and internal
variability associated with the Interdecadal Pacific Oscillation
(64). A better representation of these physical processes in the
climate models and improved observations that can be used to
further constrain the parameterized model physics are expected to
increase our confidence in future projections of large-scale circula-
tion (68). Last, large ensemble simulations also help to better quan-
tify the projected uncertainty associated with internal climate
variability.

MATERIALS AND METHODS
Data
Hurricane track data are obtained from the National Hurricane
Center ’s HURDAT2 database and used to compute the CHF.
Data for the large-scale hurricane environment are obtained from
NCEP reanalysis (43) and ERA5 reanalysis (44) and used with
RAFT to produce synthetic hurricane tracks for the historical
period (40). First, monthly mean winds at a spatial resolution of
2.5° from NCEP reanalysis are used to generate hurricane steering
flow and vertical wind shear. Next, to generate intensity along
tracks, potential intensity and other thermodynamic parameters
that play a key role in hurricane intensification are estimated on
the basis of ERA5 reanalysis, which has a spatial resolution of
about 0.3°. This is, in part, due to the smaller spatial scales of ther-
modynamic parameters like SST and relative humidity compared to
dynamical wind fields. The results show that RAFT can well repre-
sent the salient features of Atlantic hurricanes, including the spatial
distribution of tracks and lifetime maximum intensities (40).

Similarly, data for the large-scale environment are obtained from
eight fully coupled climate models belonging to CMIP6 (45): Cana-
dian Earth System Model (CanESM5), Euro-Mediterranean Centre
on Climate Change–coupled climate model (CMCC-CM2-SR5),
EC-Earth Consortium Model (EC-Earth3), Geophysical Fluid Dy-
namics Laboratory Climate Model (GFDLCM4), Institute Pierre
Simon Laplace Climate Model (IPSL-CM6A-LR), Model for Inter-
disciplinary Research on Climate (MIROC6), Max Planck Institute
Earth System Model (MPI-ESM1-2-LR), and Meteorological Re-
search Institute Earth System Model (MRI-ESM2-0). The choice
of these eight models is based on the availability of data for both
the “historical” period and the “future” period under the SSP585
emissions scenario (46). A sensitivity analysis has been conducted
by computing trends in steering flow and diabatic heating using the

Fig. 5. Understanding changes in vertical wind shear under the SSP585 scenario. (A) Projected changes in wind shear (ms−1) by the ensemblemean of eight phase 6
of the Coupled Model Intercomparison Project (CMIP6) models. White stippling denotes the regions where the changes in wind shear are statistically significant at the
95% level. VWS, vertical wind shear. (B) is same as (A), but for changes simulated by the SWM. (C) Contribution from the anomalous diabatic heating to changes in shear.
(D) Same as (C), but for contribution from the anomalous zonal-mean basic state. EQ, equator.
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SSP585 simulations only and by considering more than 40 CMIP6
models. The results obtained suggest that these eight models are
broadly representative of the CMIP6 multimodel ensemble. Last,
hurricane tracks from a suite of high-resolution climate model sim-
ulations (69) belonging to High Resolution Model Intercomparison
Project (HighResMIP) (70) are used to generate projections of CHF
and compare with RAFT (text S2).

Synthetic hurricane model
The RAFT (40) is a hybrid modeling approach that can generate
large ensembles of hurricanes with realistic spatial track patterns
and distributions of intensity. Genesis locations are randomly
sampled from a Gaussian spatiotemporal probability distribution
based on historical observations (35). Tracks are then generated
using a “beta-advection” method where a weighted average of
winds in the upper (200 hPa) and lower (850 hPa) troposphere
are used to guide the forward motion of storms. Subsequently, a
deep neural network–based approach is used in RAFT to generate
intensity along tracks (40). Eleven environmental predictors that
play a key role in hurricane intensification (71, 40) are estimated
from reanalysis and climate models and used with the intensity
component of RAFT to produce hurricane intensity along tracks:
current intensity, intensity change in the previous 6 hours, vertical
wind shear estimated between 200 and 850 hPa, zonal wind at 200
hPa, maximum potential intensity, latitude, longitude, equivalent
potential temperature at 1000 hPa, relative humidity averaged
between 700- and 850-hPa levels, zonal component of storm
motion, and distance to the nearest major landmass. While an over-
view of RAFT has been documented previously (40), see text S1 for a
detailed discussion of how RAFT is combined with CMIP6 models
to project hurricane activity into the future.

Stationary wave model
To understand the causes behind the projected changes in steering
flow, we use a nonlinear SWM (41). Using the SWM, we performed
a set of numerical sensitivity experiments to explore the mecha-
nisms responsible for the changes in the large-scale winds and
hence the steering flow. The SWM takes the basic state (which in-
cludes zonal-mean horizontal winds, air temperature, and surface
pressure), diabatic heating, transient fluxes, and orography as
inputs to generate the quasi–steady-state large-scale dynamical
fields. For further details regarding the SWM, its validation, and
the various experiments performed, see text S3 and table S1.

Calculations
The CHF is estimated as the number of 6-hour overland hurricane
track locations per square degree per year. All storm locations where
the intensity exceeds a threshold are considered in this calculation.
In the track model of RAFT, we use a 2-day cutoff to truncate tracks
over land. Furthermore, at the end of the 2-day period following
landfall, storms reach an intensity of about 25 knots on average in
observations (72). On the basis of the method of quantile mapping
(73), a 25-knot threshold in observations translates to 21.5 knots
when RAFT is used with CMIP6 models. Thus, to ensure consisten-
cy between CHF estimates based on the track model, and those
based on including the intensity model along with the track
model, we use a threshold of 25 knots for RAFT when used with
reanalysis and a threshold of 21.5 knots when RAFT is used with
CMIP6 models. However, note that our main conclusions are not
very sensitive to the threshold and similar results are obtained
using a 1-day cutoff.

Changes in steering flow cause changes in CHF primarily
through translation speed and landfall, especially in the region
close to the coast. To separate the contribution of changes in
storm translation speed and landfall to the total CHF change,

Fig. 6. Schematic illustration of the main mechanisms of coastal hurricane frequency (CHF) changes identified in this study. As the climate warms, an increase in
CHF for the U.S. Gulf and lower East coasts is projected to occur and is driven primarily by changes in steering flow. The strengthening upper tropospheric cyclonic
circulation above the western Atlantic plays a pivotal role in the steering flow changes. Also, the contrasting upper- and lower-level circulation anomalies reduce the
vertical wind shear near the U.S. coastal regions. These changes in circulation can be regarded as a response to the projected increases in diabatic heating andwarmer sea
surface temperature (SST) over the eastern tropical Pacific, which is a robust signal across the phase 6 of the Coupled Model Intercomparison Project (CMIP6) multimodel
ensemble.
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consider the following equation

CHFhist ¼ nhist
l

time step � vhist
ð1Þ

Here, n is the number of hurricane tracks passing through a grid,
l is the grid length, v is the translation speed, and “time step” is
6 hours. The subscript “hist” indicates the historical period. In
other words, the equation indicates that the CHF varies directly
with the number of storms passing through a region and inversely
with the translation speed of storms in that region. Similarly, for the
future period, one can write the equation as

CHFfuture ¼ nfuture
l

time step � vfuture
ð2Þ

To isolate the role of translation, let us assume a scenario with no
change in the number of hurricanes passing through a grid. Then,
the CHF for the future period (CHFfuture) can be expressed as the
sum of the CHF for the historical period (CHFhist) and the effect of
translation speed change on CHF (CHFtrans). Now, combining Eqs.
1 and 2, we get

CHFhist þ CHFtrans
CHFhist

¼
vhist
vfuture

ð3Þ

From this, CHFtrans can be calculated as

CHFtrans ¼ CHFhist
vhist
vfuture

� 1
� �

ð4Þ

Last, the effect of landfall change on CHF (CHFland) can be es-
timated as

CHFland ¼ CHFfuture � CHFhist � CHFtrans ð5Þ

Supplementary Materials
This PDF file includes:
Texts S1 to S3
Figs. S1 to S10
Table S1
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