
1.  Introduction
Hurricanes, and more generally tropical cyclones, are among the most destructive weather systems in tropical 
regions, with severe socioeconomic impacts worldwide (Klotzbach et al., 2018; Needham et al., 2015; Peduzzi 
et al., 2012). In the United States (US), individual hurricane events have historically been both the deadliest and 
costliest natural disasters (Grinsted et al., 2019; Rappaport, 2014; Wahl et al., 2015). With exposure of the popu-
lation to hurricanes escalating at a far greater pace than to any other hazard (Iglesias et al., 2020), there are impor-
tant implications for public health (Parks et al., 2021). Several previous studies have examined changes in various 
aspects of hurricanes that affect their impacts on land, such as their frequency, intensity, and translation speed 
(Balaguru et al., 2018; Bender et al., 2010; Bhatia et al., 2019; Elsner et al., 2008; Emanuel, 2005; Klotzbach 
et al., 2022; Knutson et al., 2020; Knutson et al., 2008; Kossin, 2018; L. Li & Chakraborty, 2020; Murakami 
et  al.,  2020; Patricola & Wehner,  2018; Sobel et  al.,  2016; Vecchi & Soden,  2007a; S. Wang et  al.,  2020; 
Webster  et al., 2005; Zhu et al., 2021). However, most of these studies were conducted at basin or global scales, 
and few focused on the nearshore region.

When it comes to societal impacts, storms that intensify in the nearshore region pose a more serious threat 
(Emanuel, 2017), and represent a bigger challenge for damage mitigation, and consequently remain a high prior-
ity for operational forecasting. Using theory and numerical model simulations, Emanuel (2017) suggested that 
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hurricane intensification will likely increase under global warming, including in coastal regions. However, the 
analysis only considered rapid intensification and did not explore changes in the historical hurricane record. 
Kossin (2017) examined changes in hurricane intensification using observations focusing on the role of wind 
shear, though their analysis domain included much of the subtropical western Atlantic. Subsequently, Ting 
et  al.  (2019) examined the contributions of natural versus anthropogenic forcing to wind shear in the North 
Atlantic and how they may influence hurricane activity close to the US coast. They suggest, that under future 
greenhouse gas forcing, vertical wind shear will reduce considerably near the US Atlantic coast and will likely 
favor hurricane intensification over that region. Here, we build on these previous studies by examining changes 
in hurricane intensification more broadly in the important nearshore region. Our definition of nearshore includes 
the area within 200 nautical miles (∼3°) of the coastline, which is the internationally accepted definition of 
“near-coastal” (United Nations,  1982). We attempt to understand the changes in hurricane intensification by 
considering the evolution of the large-scale environment and explore the likelihood that the observed changes in 
hurricane intensification will continue into the future.

2.  Methods
2.1.  Data

Hurricane track data based on the National Hurricane Center's HURDAT2 database are used to estimate hurri-
cane track density and 24-hr intensification rates for the 40-year period 1979–2018. We obtain monthly mean sea 
surface temperature (SST), sea-level pressure, surface air temperature, surface pressure, winds, specific humidity, 
vertical velocity, and air temperature from the ECMWF Reanalysis version 5 (ERA5) (Hersbach et al., 2020) for 
the 40-year period 1979–2018 to understand changes in the hurricane environment (parameters include potential 
intensity (Emanuel, 1999), vertical wind shear evaluated between 200 and 850 hPa, relative vorticity at 850 hPa, 
and relative humidity at 600 hPa). To support our results based on ERA5, we performed a similar analysis of 
the hurricane environment using NCEP/NCAR atmospheric reanalysis (Kalnay et al., 1996) and Hadley SST 
data (Rayner et al., 2003). Daily rainfall data from the Global Historical Climatology Network (GHCN) (Menne 
et al., 2012) are combined with hurricane track data to estimate trends in hurricane-induced rainfall for the same 
40-year period.

2.2.  Models

Monthly mean output from 15 different fully coupled climate models belonging to the Coupled Model Intercom-
parison Project Phase 6 (CMIP6) (Eyring et al., 2016) are used to compute trends in the simulated hurricane envi-
ronment over the historical period. Similarly, monthly mean data are obtained from 15 coupled climate models 
belonging to the Scenario Model Intercomparison Project (O’Neill et al., 2016) of CMIP6 to examine trends in 
the hurricane environment for the future period. More specifically, data is obtained for the “SSP585” scenario in 
which the planetary radiative forcing increases by 8.5 W m −2 by the year 2100. A description of various models 
used is provided in Tables S1 and S2 in Supporting Information S1. Hurricane track data are obtained from five 
fully coupled models belonging to the High Resolution Model Intercomparison Project (HighResMIP) of CMIP6 
(R. J. Haarsma et al., 2016). The atmospheric component of the selected models has a resolution of approximately 
50 km or higher, allowing for explicit simulation of hurricanes (M. J. Roberts et al., 2020). We obtain tracks 
generated using TempestExtremes, a scale-aware feature tracking software that operates on the model native grid 
(Ullrich et al., 2021). These track data (M. Roberts, 2019) are used to explore changes in simulated hurricane 
intensification rates. A description of various HighResMIP models used is provided in Table S3 in Supporting 
Information S1.

2.3.  Calculations

The hurricane track density is obtained by binning 6-hr hurricane track locations into 5° by 5° bins. Only storm 
locations where the maximum sustained wind speed is 35 kt or higher are included in the track density estimates. 
The raw hurricane track density fields were smoothed spatially using a nine-point moving average weighted by 
the distance from the center (Murakami et al., 2020; B. Wang et al., 2010). We select rain gauges belonging to 
GHCN that have complete recordings of daily rainfall since 1979 and are within 2° of the US Atlantic and Gulf 
coasts. Observed hurricane tracks from 1979 to 2018 are then used to extract hurricane-induced precipitation. A 
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daily rainfall recording is considered to be hurricane-induced if an observed hurricane track passes within 500 km 
of the gauge during that day. The identified data are then aggregated over the year to get the annual cumulative 
hurricane-induced rainfall at each gauge location. If no hurricane passes within 500 km of a particular gauge 
during a year, the value is recorded as zero for that year. Significance of monotonic upward or downward trends 
in track density and rainfall is evaluated using the non-parametric Mann–Kendall test (Gilbert, 1987).

The 24-hr intensification rate is estimated as the linear regression coefficient of the maximum wind speed over 
five successive 6-hourly track locations, including the current location. All locations where the initial storm 
intensity is at least tropical storm strength (35 kt) are included in the computation of intensification rate. Further, 
the data is sub-sampled to ensure that the distributions of initial storm state (initial maximum wind speed and 
translation speed) are statistically similar over the two 20-year periods (1979–1998 and 1999–2018). More 
specifically, a minimum translation speed of 3.5 m s −1 is used to sub-sample data. Points where the storm crosses 
over land during this 24-hr period are not considered. In addition, we exclude points within 0.5° of the US coast 
to further reduce land effects.

Similar methods are used to calculate 24-hr intensification rates for the HighResMIP models. Data are pooled 
together from the different models before calculating the mean intensification rate for each period. As in observa-
tions, the data are subsampled to ensure that the results are independent of the initial storm state. The Monte Carlo 
method of repeated random sampling is employed to generate error bars for the probability distribution functions 
(PDFs). From a given distribution, we randomly select half of the data points to generate a PDF. This process 
is then repeated 1,000 times. Subsequently, the mean and standard deviation computed across the various PDFs 
yield the mean PDF and error bar magnitudes, respectively. The vertical moisture flux convergence is estimated 
as −𝐴𝐴

𝜕𝜕(𝑤𝑤𝑤𝑤)

𝜕𝜕𝜕𝜕
 where w is the vertical velocity (Pa s −1), q is the specific humidity (kg kg –1) and p is the pressure (Pa).

3.  Results
3.1.  Observed Changes in Nearshore Hurricane Intensification

We begin by examining the Atlantic hurricane database (C. W. Landsea & Franklin,  2013) over the 40-year 
satellite period of 1979–2018, when the record is most reliable. Trends in hurricane track density are positive 
over much of the basin (Figure 1a), and the spatial pattern is broadly consistent with Murakami et al. (2020). 
Areas of significant positive trends include the hurricane main development region between 80°W and 20°W 
and 10°N–20°N, and the tropical and subtropical Atlantic to the west of 40°W. Interestingly, significant positive 
trends are found near the Atlantic coast while trends are insignificant near the Gulf coast. This difference in trends 
between the Atlantic and Gulf coasts, which is also seen in Murakami et al. (2020), suggests an increasing pref-
erence for hurricanes to be found in the western Atlantic and closer to the US coast, particularly off of the east-
ern seaboard. One of the major impacts of landfalling hurricanes is freshwater flooding from excessive rainfall 
(Knutson et al., 2020; Kunkel et al., 2010). An evaluation of 40-year changes in hurricane-induced rainfall based 
on rain gauge data (Figure 1b) shows that there are significant positive trends, especially near the mid-to-upper 
Atlantic coast and portions of the southeastern US over Florida. These trends in precipitation from hurricanes are 
also consistent with the idea that hurricane activity has increased near the Atlantic coast (Figure 1a; Murakami 
et al. (2020)). However, while track density can be a useful indicator of hurricane activity, it can be influenced 
by non-local factors such as frequency (Emanuel, 2021) and steering flow (S. Wang & Toumi, 2021). Hence, we 
next consider the intensification rate, a more direct metric of local changes in hurricanes.

The probability distributions of 24-hr hurricane intensification rates for the Atlantic and Gulf coasts are examined 
for the two 20-year periods 1979–1998 and 1999–2018. We consider the months of June–October during which 
more than 98% of US hurricane landfalls have occurred. Figures 1c and 1e indicate the track locations consid-
ered for this analysis. Relative to the earlier period, the distribution of intensification rates is noticeably shifted 
toward more positive values in the later period for the Atlantic coast (Figure 1d). The mean intensification rate 
for 1979–1998 was −1.21 kt 6-hr −1, and it increased to −0.01 kt 6-hr −1 during 1999–2018, a difference that is 
significant at the 95% level. In contrast, the mean intensification rate did not increase significantly near the Gulf 
coast; the intensification rates are 1.71 kt 6-hr −1 and 2.47 kt 6-hr −1 for the earlier and later periods, respectively 
(Figure 1f). However, note that instances of rapid intensification (intensification rate ≥7.5 kt 6-hr −1) appear to 
have increased for both regions, consistent with previous studies (Bhatia et al., 2019). The increase in the mean 
hurricane intensification rate near the Atlantic coast noted above gets stronger as we approach the coast and 
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weakens away from the coast (Figure S1 in Supporting Information S1), highlighting the regional nature of the 
signal and indicating that it is not part of a broader basin-wide change. In addition, these trends in near-coastal 
intensification rates are insensitive to the exact period chosen (Figure S2 in Supporting Information S1) and are 
consistent with those in track density shown earlier, prompting us to ask the following question: What changes in 
the storm environment caused the observed enhancement in near-coastal Atlantic hurricane activity?

Figure 1.  Observed changes in near-coastal hurricanes (1979–2018). (a) Trends in June–November hurricane track density using 6-hr track locations where the wind 
speed is 35 kt or higher. White dots represent locations where the trends are statistically significant at the 95% level based on a Mann–Kendall test. (b) Trends in 
accumulated rainfall from hurricanes (mm year −1). Values shaded in yellow-orange are significant at the 95% level based on a Mann–Kendall test. Values shaded in 
gray represent locations where the trends are insignificant. Nearshore Atlantic hurricane track locations (black dots) within ∼3° of the US (c) Atlantic coast and (e) Gulf 
coast. Probability distributions of 24-hr intensification rates for the periods 1979–1998 (blue), 1999–2018 (orange), and their difference (green) based on locations that 
are within ∼3° of the US (d) Atlantic coast and (f) Gulf coast. The error bars in panels d and f representing the standard deviation of the distribution are generated based 
on the Monte Carlo technique. The mean intensification rates for each period, their difference and the p-value for statistical significance (based on a Student's t-test) are 
shown in the legend for panels d and f.
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3.2.  Change in the Nearshore Hurricane Environment

We now examine changes in the large-scale ocean-atmosphere environment relevant for hurricane development 
over the period 1979–2018. Forty-year ERA5 (Hersbach et al., 2020) trends in various dynamical and thermo-
dynamic variables critical to hurricane intensification (DeMaria et al., 2005) suggest an increasingly favorable 
environment for hurricanes near the Atlantic coast (Figure 2). Significant positive trends are found in potential 
intensity (Emanuel, 1999) over a broad area of the western Atlantic, with the strongest trends occurring in the 
northwestern Atlantic near the US coast (Figure  2a). While vertical wind shear (evaluated between 200 and 
850 hPa) has decreased off of the Atlantic coast (Figure 2b), trends in wind shear are mixed for the Gulf coast, 
with decreases in the eastern Gulf of Mexico and increases in the western Gulf of Mexico. Strong positive trends 
in lower-tropospheric relative vorticity (evaluated at 850 hPa) are found near the Atlantic coast (Figure 2c), while 
trends in low-level vorticity are mostly negative in the Gulf of Mexico except for a small region near the coasts 
of Mississippi and Alabama. Trends in mid-tropospheric relative humidity (evaluated at 600 hPa) are strongly 
positive near the Atlantic coast (Figure 2d). Albeit with a weaker magnitude, trends in humidity are also posi-
tive in the Gulf of Mexico with the strongest trends occurring in the eastern part of the region and decreasing 
westwards. Taken together, these results suggest that the nearshore environment has become more favorable for 
hurricanes near the Atlantic coast, consistent with the observed increase in the intensification of hurricanes in 

Figure 2.  Observed changes in the nearshore hurricane environment (1979–2018). 40-Year trends in (a) potential intensity (ms −1 year −1), (b) vertical wind shear 
(ms −1 year −1), (c) relative vorticity at 850 hPa (s −1 year −1), and (d) relative humidity at 600 hPa (% year −1) based on ERA5 reanalysis and averaged over the months of 
June–October. Black crosses in various panels represent locations where the trends are statistically significant at the 95% level based on a Student's t-test.
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that region. For the Gulf coast however, while trends in potential intensity and mid-level humidity are favorable 
for hurricanes, changes in vertical wind shear and low-level vorticity are mixed and less favorable.

To further understand these environmental changes, we next consider trends in SST. The increase in potential 
intensity near the US coast is likely due to SST warming over the northwestern Atlantic (Figure 3a), which has 
been attributed in part to a slowdown of the Atlantic Meridional Overturning Circulation and the associated 
retreat of the Labrador Sea Current (Saba et al., 2016). The spatial pattern of SST warming is also consistent 
with an enhanced summer North Atlantic subtropical high (W. Li et al., 2012; Ting et al., 2015). The decrease in 
vertical wind shear off of the Atlantic coast and over the eastern Gulf of Mexico is potentially a consequence of 
global warming (Camargo, 2013; Kossin, 2017; Ting et al., 2019; Vecchi & Soden, 2007b), a point we will return 
to later in the paper. To understand changes in low-level vorticity, consider trends in surface pressure (Figure 3b) 
and winds at 850 hPa (Figure 3c). A pressure gradient across the land-sea boundary develops during this period, 
with strong decreases in surface pressure near the mid-Atlantic coast. This triggers the formation of an anomalous 
low-level cyclonic circulation (Figure 3c) that can directly increase low-level vorticity near the coast. Further, 
the enhanced low-level vorticity can increase mid-tropospheric relative humidity through an increase in vertical 

Figure 3.  Understanding changes in the nearshore hurricane environment (1979–2018). 40-Year trends in (a) SST (°C year −1), (b) surface pressure (Pa year −1), (c) 
circulation at 850 hPa (ms −1 year −1), and (d) vertical moisture flux convergence (s −1 year −1) at 600 hPa, based on ERA5 reanalysis and averaged over the months of 
June–October. Black crosses in various panels represent locations where the trends are statistically significant at the 95% level based on a Student's t-test.
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moisture flux convergence (Figure 3d). Note that the observed SST warming in the western Atlantic can also 
contribute to positive trends in humidity. While these results are based on ERA5 reanalysis, similar results were 
obtained using NCEP/NCAR reanalysis (Kalnay et al., 1996) and Hadley SST (Rayner et al., 2003), underlining 
their robustness (Figure S3 in Supporting Information S1).

So far, we have seen that nearshore hurricane intensification has increased significantly, with conspiring changes 
in the large-scale hurricane environment. This raises the question of whether these environmental changes are 
caused by natural variability in the climate system or if there is a role for climate change. To address this, we 
use simulations of the large-scale environment from fully coupled climate models belonging to CMIP6 (Eyring 
et al., 2016) to examine the relevance of internal variability versus external forcing. Over the historical period of 
1980–2014, trends near the Atlantic coast are strongly positive for potential intensity (Figure S4a in Supporting 
Information S1) and low-level relative vorticity (Figure S4c in Supporting Information S1), and strongly negative 
for wind shear (Figure S4b in Supporting Information S1). For the Gulf coast, though trends in wind shear are 
negative, changes in potential intensity and low-level vorticity are less favorable. Trends in mid-tropospheric 
humidity (Figure S4d in Supporting Information S1), which are positive near the Gulf coast and weakly positive 
near the Atlantic coast, agree less with those from observations (Figure 2d), suggesting that natural variability 
may partly be responsible for the observed trends in humidity. Despite this, the CMIP6 multi-model ensemble 
mean is broadly consistent with observations and reveals an increasingly favorable hurricane environment near 
the Atlantic coast.

As in observations, simulated trends in potential intensity closely follow those in SST, with the strongest surface 
warming occurring in the northwestern Atlantic (Figure S5a in Supporting Information S1). The models also 
simulate the development of the surface pressure gradient across the land-sea boundary with an anomalous 
low-pressure area over the mid-Atlantic coast (Figure S5b in Supporting Information  S1). This leads to the 
formation of a low-level cyclonic circulation anomaly (Figure S5c in Supporting Information S1) that enhances 
lower-tropospheric relative vorticity near the Atlantic coast. Finally, trends in mid-level relative humidity may 
be due to a combination of SST warming and an increase in vertical moisture flux convergence (Figure S5d in 
Supporting Information S1). The presence of the observed signal in the multi-model ensemble mean of CMIP6 
suggests that the changes occurring in nearshore Atlantic hurricane activity are due in part to external forcing, as 
internal variability is largely suppressed by averaging across the multi-model simulations.

3.3.  Future Projections of Nearshore Hurricane Environment

To determine whether ongoing changes in hurricanes and their large-scale environment might continue into 
the future, and to more clearly understand the role of external forcing, we analyzed CMIP6 models under the 
“SSP585” emissions scenario, which represents a fossil-based world economy that is hurtling toward an increase 
in planetary radiative forcing of 8.5 W m −2 by 2100. Trends for the 86-year period 2015–2100 indicate that the 
nearshore environment will continue to become more favorable for hurricane intensification near the Atlantic 
coast (Figure 4). Positive trends are found for potential intensity near the Atlantic coast as well as the Gulf coast 
(Figure 4a). This projected increase in potential intensity near the coastal regions has also been noted in previous 
studies (Camargo, 2013; Camargo et al., 2013; Sobel et al., 2016; Ting et al., 2015; Vecchi & Soden, 2007b). 
Negative trends in vertical wind shear are obtained near the northeastern Gulf of Mexico, but shear decreases 
more broadly and strongly near the Atlantic coast (Figure 4b). While observed trends in vertical wind shear 
were weakly negative (Figure 2b), the multi-model mean produces a stronger and more significant decrease in 
shear for both the historical period (Figure S2b in Supporting Information S1) as well as future projections near 
the Atlantic coast (Figure 4b). This likely suggests that the weaker decrease in shear in observations is due to 
competing effects of natural variability and external forcing, and it is in good agreement with previous studies 
(Camargo, 2013; Kossin, 2017; Ting et al., 2019; Vecchi & Soden, 2007b) that suggest that external forcing tends 
to decrease vertical wind shear near the US Atlantic coast. While trends in low-level relative vorticity are positive 
near the Atlantic coast to the north of 30°N (Figure 4c), they are predominantly negative and less favorable for 
hurricanes in the Gulf of Mexico and near eastern Florida. Mid-tropospheric relative humidity increases near the 
Atlantic coast, with the strongest trends occurring near the mid-Atlantic region. In the Gulf of Mexico, positive 
trends in humidity to the north are compensated by decreases to the south. As in observations and multi-model 
simulations for the historical period, these projected changes in the environment are driven by strong sea surface 
warming (Figure S6a in Supporting Information S1), development of a pressure gradient across the land-sea 
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boundary (Figure S6b in Supporting Information S1), and an associated low-level cyclonic circulation anom-
aly (Figure S6c in Supporting Information S1). There is also an increase in vertical moisture flux convergence 
(Figure S6d in Supporting Information S1).

Finally, we also analyzed direct simulations of hurricanes from HighResMIP (R. J. Haarsma et  al.,  2016) to 
further assess the robustness of these results (Figure S7 in Supporting Information S1). While the nominal reso-
lution of the atmospheric component of models is about 1° in CMIP6, it increases to as much as 0.25° in High-
ResMIP, thereby allowing explicit simulation of hurricanes (M. J. Roberts et al., 2020). For the 72-year period 
1979–2050, the HighResMIP multi-model ensemble projects an increase in the mean 24-hr intensification rate 
of 0.35 kt 6-hr −1 for the Atlantic coast, a value significant at the 95% level. For the Gulf coast, the change in 
the mean hurricane intensification rate is insignificant. These results are consistent with the observed changes 
in hurricane intensification over the historical period and are in broad agreement with projected changes in the 
hurricane environment.

Figure 4.  Projected changes in the nearshore hurricane environment (2015–2100). Multi-model ensemble mean trends in (a) potential intensity (ms −1 year −1), (b) 
vertical wind shear (ms −1 year −1), (c) relative vorticity at 850 hPa (s −1 year −1), and (d) relative humidity at 600 hPa (% year −1), based on 15 CMIP6 climate models. 
Trends are computed over the 86-year period 2015–2100 based on the “SSP585” emissions scenario. All variables are averaged during June–October. Crosses represent 
locations where at least 11 out of the 15 models agree on the sign of the trend.
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4.  Discussion
Using observations and ensembles of fully coupled climate model simulations, we demonstrated that the magni-
tude of hurricane intensification has been increasing near the US Atlantic coast. Multi-model means of historical 
simulations and future climate simulations with external forcing show changes in the near-coastal environment 
that are broadly consistent with the observed changes. Over the historical period, observations (Figure 3b) show 
an increase in pressure gradient across the land-sea boundary, especially along the US Atlantic coast. Albeit with 
a slightly different spatial pattern, an increase in pressure gradient across the land-sea boundary is also simulated 
in future projections of the large-scale environment (Figure S6b in Supporting Information S1). This enhance-
ment of the pressure gradient across the land-sea boundary is linked to an increase in the lower-level cyclonic 
circulation and vorticity along the Atlantic coast. While a decrease in pressure over land is mainly responsible 
for the increase in the land-sea pressure gradient over the historical period, an increase in pressure over the ocean 
(W. Li et al., 2012) may also play a role in the future. We speculate that the decreases in pressure over land may 
be related to an increase in the land-sea warming contrast (Figure S8 in Supporting Information S1), which is a 
robust response to external forcing (Sutton et al., 2007). However, besides external forcing, internal variability 
may also play a role (Camargo, 2013), as the observed changes in the hurricane environment are noticeably larger 
compared to the simulated changes driven by external forcing. More studies using sensitivity experiments are 
needed to clearly delineate the relative contributions of external forcing and natural variability to the change in 
the hurricane environment, including the potential role of an evolving land-sea warming contrast.

Based on observed and simulated changes in potential intensity and wind shear, Ting et al.  (2019) suggested 
that hurricanes may intensify more strongly near the Atlantic coast and more slowly near the Gulf coast in the 
future. Based on climate model projections of the ventilation index, Tang and Camargo (2014) also suggested 
that the large-scale environment will become less favorable near the Gulf coast relative to the Atlantic coast. We 
present evidence for this using historical hurricane track data and direct simulations of hurricanes from HighRe-
sMIP. Further, we show that besides wind shear, factors such as low-level relative vorticity may also contribute 
to the contrasting changes in hurricane intensification near the Atlantic and Gulf coasts. These findings have 
profound implications for policy- and decision-makers and inhabitants of coastal areas. Previously, changes in 
the  characteristics of hurricanes, such as decreases in translation speed (Kossin, 2018) and decay rate after land-
fall (L. Li & Chakraborty, 2020), have been suggested as potential reasons for an increase in hurricane-induced 
freshwater flooding. In this study, we show that hurricanes are entering an increasingly favorable environment 
near the US Atlantic coast just ahead of landfall, a process that can further exacerbate those effects.

In this study, we focused on changes in nearshore Atlantic hurricane intensification over the historical period and 
examined whether they may continue into the future. However, some previous studies noted an intensification of 
landfalling tropical cyclones in other regions, such as in the western Pacific (Mei & Xie, 2016). Therefore, one 
wonders whether the mechanism identified in this study may also manifest in other regions affected by tropical 
cyclones. To address this, we performed a similar analysis for the other Northern Hemisphere tropical cyclone 
basins under the “SSP585” scenario (Figure S9 in Supporting Information S1). Under this strong external forcing, 
significant warming over land will continue (Figure S9a in Supporting Information S1). In response, low-pressure 
areas with cyclonic circulations approximately straddling the land-sea boundaries also develop near the coastal 
regions of the Northwest Pacific and the northern Arabian Sea (Figure S9b in Supporting Information S1). Asso-
ciated with these circulation anomalies are areas of enhanced positive vorticity near the coast (Figure S9c in 
Supporting Information S1). This finding underlines the broad nature of our results and points to their relevance 
for other regions in the global tropics vulnerable to tropical cyclones.

Data Availability Statement
The sources for various observational data used in this study are as follows: Hurricane track data (https://
www.nhc.noaa.gov/data/%23hurdat), ERA5 reanalysis data (https://www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/era5), NCEP/NCAR reanalysis data (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.
html), Hadley SST data (https://www.metoffice.gov.uk/hadobs/hadisst/), Daily rainfall from GHCN (https://
www.ncei.noaa.gov/products/land-based-station/global-historical-climatology-network-daily), CMIP6 data for 
the historical period (https://esgf-node.llnl.gov/projects/cmip6/), CMIP6 data under the “SSP585” scenario 

https://www.nhc.noaa.gov/data/%23hurdat
https://www.nhc.noaa.gov/data/%23hurdat
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html
https://www.metoffice.gov.uk/hadobs/hadisst/
https://www.ncei.noaa.gov/products/land-based-station/global-historical-climatology-network-daily
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(https://esgf-node.llnl.gov/projects/cmip6/), and HighResMIP hurricane track data (https://data.ceda.ac.uk/badc/
highresmip-derived/data/storm_tracks/TempExt).
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