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A B S T R A C T   

Tropical cyclone (TC) projections with atmosphere-only models are associated with uncertainties due to their inability to represent TC-ocean interactions. However, 
global coupled models, which represent TC-ocean interactions, can produce basin-scale sea surface temperature biases in seasonal to centennial simulations that lead 
to challenges in representing TC activity. Therefore, focusing on recent individual major hurricane events, we investigated the influence of TC-ocean coupling on the 
response of TCs to anthropogenic change using atmosphere-only and coupled atmosphere-ocean regional model simulations. Under an extremely warm scenario, 
coupling does not influence the signs of projected TC rainfall and intensity responses. Coupling, however, does influence the magnitude of projected intensity and 
especially rainfall. Within a 500 km radius region of the TCs, the projected rainfall increases in coupled simulations are 3–59 % less than in the atmosphere-only 
simulations, driven by enhanced TC-induced sea surface temperature cooling in the former. However, the influence of coupling on the magnitude of projected 
rainfall could vary considerably over the regions of highest rainfall generated by TCs.   

1. Introduction 

One of the most significant natural disasters is tropical cyclones (TC) 
due to their damaging and deadly impacts on human life and infra
structure. Globally, North Atlantic (hereafter Atlantic) TCs have led to 
the largest economic losses, with the four costliest hurricanes on 
record—Katrina, Harvey, Ian, and Maria—leading to 190, 151, 113, and 
109 billion US dollars losses, respectively (NOAA National Centers for 
Environmental Information (NCEI), 2023). There is no consensus on 
how anthropogenic warming will change TC frequency in the future (e. 
g., Knutson et al., 2020; Walsh et al., 2016). However, recent observa
tions have shown that TC rainfall and intensity in the North Atlantic has 
increased (Bhatia et al., 2019; Klotzbach, 2006; Lau and Zhou, 2012). 
Numerical modeling studies have suggested that anthropogenic warm
ing is responsible for the enhanced rainfall and intensity of several 
recent major TCs (Patricola and Wehner, 2018; Reed et al., 2020). 
Therefore, economic damages associated with TCs may substantially 
increase in the future due to projected global warming (Grinsted et al., 
2013; Knutson et al., 2015). Reliable future projections of TC activity are 
thus necessary to improve the preparedness and resilience of affected 

regions. 
However, projections of TC activity under future climates are char

acterized by many uncertainties. For example, atmosphere-only global 
climate models (GCM) used for simulating TCs in the current and future 
climates do not represent TC-ocean interactions due to the use of pre
scribed sea surface temperatures (SST). It is well known that strong near- 
surface TC winds can induce SST cooling commonly referred to as cold 
wakes (e.g., Chen et al., 2017; Kuttippurath et al., 2022; Pasquero et al., 
2021; Price, 1981; Zhang et al., 2019). TC winds induce cold wakes by 
vertically mixing the upper ocean and enhancing cold water upwelling 
from below the ocean surface (Lu et al., 2021; Vincent et al., 2012). This 
process can significantly reduce the ocean surface enthalpy flux which 
may in turn, weaken TCs (Emanuel, 1999; Guo et al., 2020; Karnauskas 
et al., 2021; Walker et al., 2014). The rate of this feedback depends on 
upper ocean characteristics including stratification, heat content, and 
salinity (Balaguru et al., 2012; Huang et al., 2015; Zhang et al., 2021b). 
It also depends on the depth of the 26 ◦C subsurface isotherm which can 
modify TC-induced cooling (Lin et al., 2008). The strength of 
TC-induced cooling is also influenced by TC characteristics including 
intensity, size, and translation speed (Mei et al. 2012, 2015a; Pun et al., 
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2021). The influence of translation speed on TC-induced cooling further 
depends on the depth and heat content of the subsurface layer (Lin et al., 
2009). 

These complex interactions, all of which could be modified under 
climate change (Emanuel, 2021; Schwinger et al., 2014), are better 
represented in coupled simulations in which TCs and the ocean interact 
(Mogensen et al., 2017). This therefore makes coupled GCMs important 
tools in the projection and understanding of future TC activity in a 
changing climate. For instance, coupled GCM projections have shown 
that TC precipitation will increase in most regions; however, the 
magnitude can vary greatly depending on ocean coupling (Huang et al., 
2021). Nevertheless, coupled GCM simulations which are usually 
focused on seasonal to centennial predictions of TCs are characterized 
by large basin-scale SST biases (Richter, 2015; Zuidema et al., 2016), 
which can impact the representation of TCs in the models. This can 
introduce systematic biases and uncertainties in projected future TC 
statistics (Dutheil et al., 2020; Hsu et al., 2019; Huang et al., 2021; 
Zhang et al., 2021a). Given the differences between coupled and 
uncoupled simulations of TC activity (Li and Sriver, 2018, 2019; Srinivas 
et al., 2016; Zarzycki, 2016), precisely characterizing the influence of 
TC-ocean coupling on projections of future TC activity remains chal
lenging. The basin-scale SST biases typically produced by long term 
GCM simulations may be minimized however, by focusing on single TC 
events that typically last up to a few weeks. 

Therefore, the main objective of this study is to quantify the influ
ence of TC-ocean coupling on projections of several recent major 
Atlantic TC events using regional model simulations. We investigate 
how some of the most impactful recent TC events will change in future 
warmer climates, with numerical simulations using an atmosphere-only 
model and a coupled model. The event-based simulations are designed 
to minimize basin-scale SST biases typical of coupled simulations lasting 
more than a few weeks. Although previous studies (e.g., Patricola and 
Wehner (2018) and Reed et al. (2020)) have simulated single TC events, 
they did not investigate the impact of TC-ocean interactions. Thus, the 
main novelty here is using a coupled atmosphere-ocean model to 
simulate multiple hurricanes in a single basin. We further explore 
whether the influence of TC-ocean coupling on simulated statistics will 
be modified in a future warmer climate relative to historical conditions. 

2. Methods and models 

2.1. Description of atmosphere-only and coupled models 

Simulations of TC events were performed using the Coupled 
Ocean–Atmosphere–Wave–Sediment Transport (COAWST) modeling 
system (Warner et al., 2010) version 3.7. COAWST consists of multiple 
sophisticated tools used for modeling different components of the earth 
system including the atmosphere, ocean, ocean waves, hydrology, and 
coastal sediment transport. For this study, we only used the atmosphere 
and ocean models. TC simulations were performed with the Weather 
Research and Forecasting (WRF) model version 4.2.2 (Skamarock et al., 
2019) and the Regional Ocean Modeling System (ROMS) version 3.9 
(Haidvogel et al., 2008; Shchepetkin and McWilliams, 2005). The 
COAWST system is well suited for this study for two main reasons. First, 
it can be configured to actively exchange fields between different 
components by coupling two or more models. The exchange of fields is 
performed using the Model Coupling Toolkit (MCT) version 2.6.0 (Jacob 
et al., 2005; Larson et al., 2005). Second, each model can also be run 
independently of the others. 

The WRF model was configured with a 12 km horizontal resolution 
and 45 vertical levels. This horizontal resolution is sufficient for this 
study as shown by Patricola and Wehner (2018), who found that WRF 
simulations with horizontal resolution between 3 km and 27 km did not 
introduce a substantial uncertainty in the sign of the projected statistics. 
Initial and lateral boundary conditions and SST were prescribed from 
the fifth-generation European Centre for Medium-Range Weather 

Forecasts (ECMWF) Reanalysis (ERA5) (Hersbach et al., 2020). Con
vection in the simulations was parameterized with the Kain-Fritsch 
scheme (Kain, 2004). The ROMS was also configured with a 12 km 
horizontal resolution. The model uses a free surface, terrain-following 
vertical sigma coordinates to solve the Reynolds-averaged Navier 
Stokes equation assuming hydrostatic equilibrium and Boussinesq ap
proximations (Shchepetkin and McWilliams, 2005). For this study, it 
was configured with 40 sigma levels for the terrain-following vertical 
layers. With a critical depth of 250 m, the surface and bottom stretching 
parameters were set as 10 and 0.1, respectively, to control the stretching 
and default vertical coordinate transformation. The initial and open 
boundary conditions of temperature, salinity, current velocities, and sea 
surface height were obtained from the global Hybrid Coordinate Ocean 
Model (HYCOM) with Naval Research Lab (NRL) Coupled Ocean Data 
Assimilation (NCODA) 1/12◦ reanalysis, which assimilates satellite and 
in-situ observations (Chassignet et al., 2009). In the atmosphere-only 
simulations, WRF is run alone and does not exchange fields with 
ROMS. In the coupled atmosphere-ocean simulations, however, SST is 
passed from ROMS to WRF, while ROMS receives sea surface stresses 
and net heat fluxes from WRF. The atmosphere and ocean models ex
change flux information at a time interval of 10 minutes. It should be 
noted that SST cold wakes may still exist in the atmosphere-only simu
lations, despite lacking active air-sea coupling. This is due to using 
prescribed SSTs for the atmosphere-only simulations from ERA5. Since 
SST in ERA5 is based on observed data from satellites and other in
struments, SST cold wakes may already exist in the reanalysis. However, 
active coupling between the atmosphere and ocean is not activated. 

2.2. Historical TC event simulations 

We first performed atmosphere-only (WRF) historical control simu
lations of six recent impactful TCs, including four of the ten costliest 
Atlantic TCs on record (i.e., Hurricanes Ida (2021), Irma (2017), Maria 
(2017), and Michael (2018)), as well as Arthur (2014) and Nate (2017) 
(Supplementary Table 1). These simulations represent hindcasts of the 
actual conditions in which the TC events occurred. The selected TCs 
reached hurricane or major hurricane status and affected areas such as 
the Gulf Coast, Florida, the mid-Atlantic coast, and the Caribbean 
islands. The prescribed ERA5 initial and boundary conditions were used 
for the historical control simulations without any adjustments. For each 
simulated TC, the model initialization time was chosen to account for 
much of the TC’s lifetime while also being able to realistically represent 
the observed TC’s evolution, especially its track. This is because previ
ous studies (Patricola and Wehner, 2018) have shown that earlier 
initialization times produced larger deviations between simulated and 
actual TC tracks. The initialization times used to obtain the best tracks 
for the simulated TCs are provided in Supplementary Table 1. The TC 
intensity in the atmosphere-only model was spun up from the initial 
conditions within a few hours. Ten ensemble members were generated 
for each TC simulation using the same model initialization time and 
initial and boundary conditions but with different planetary boundary 
layers or microphysics schemes in the WRF model as done in previous 
studies (e.g., Lackmann (2015)). 

We then performed historical simulations consisting of coupled 
atmosphere-ocean (WRF and ROMS) hindcasts of the same TCs. In the 
coupled simulations, the atmosphere model configuration was the same 
as used in the atmosphere-only hindcasts, while the initial and boundary 
conditions prescribed from HYCOM were used in the ocean model. Like 
the atmosphere-only simulations, the TC intensity in the coupled model 
spun up from the initial conditions within a few hours. Simulation do
mains varied for the different TCs, but their construction followed a 
similar convention. The longitude and latitude bounds of both the at
mosphere and ocean grids for all of the TCs are shown in Supplementary 
Table 1. In the coupled simulations, the ROMS domain was constructed 
such that it covered most of the TC’s lifetime over the ocean. It was 
nested within a larger WRF domain, which was also used for 
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atmosphere-only simulations. This convention helped to minimize the 
potential influence of WRF’s lateral edge effects on the ocean. Fig. 1 
shows the model domains used to simulate TCs that affected the Gulf 
Coast. 

2.3. Pseudo-global warming experiments 

With both the uncoupled and coupled configurations, we then per
formed pseudo-global warming (PGW) experiments (Schär et al., 1996) 
representing the selected TCs if they were to occur at the end of the 21st 
century in extremely warm conditions. This PGW method has been used 
in many studies to identify current and future anthropogenic influences 
on extreme events (e.g., Lackmann, 2015; Pall et al., 2017; Patricola and 
Wehner, 2018; Reed et al., 2020). The initial and lateral boundary 
conditions for the PGW experiments were those from the historical 
simulations, adjusted with spatially-varying perturbations representing 
the thermodynamic component of anthropogenic climate change. The 
perturbation for the end of the 21st century was estimated from the 
Energy Exascale Earth System Model (E3SM) version 1 (Golaz et al., 
2019) based on the Shared Socioeconomic Pathway (Riahi et al., 2017) 
SSP5-8.5 high-end warming scenario of the Coupled Model Intercom
parison Project phase 6 (CMIP6) (Eyring et al., 2016). 

For each of the selected TCs, the perturbation was calculated using 
the climatological mean for the month in which the TC occurred based 
on a 100-year difference between the future SSP5-8.5 scenario and 
historical period. For example, the perturbation for Hurricane Irma and 
Maria was calculated as the difference between the September clima
tology at the end of the 21st century (2080–2100) from SSP5-8.5 and 
20th century (1980–2000) historical simulations of E3SM. We did not 
test the sensitivity of the anthropogenic TC response to the selected 
periods. The historical initial and boundary conditions used for both the 
atmosphere-only and coupled models were then adjusted by adding the 
computed climate change perturbations. 

The following variables in the initial and boundary conditions were 
adjusted in the atmosphere-only simulations: surface temperature, air 
temperature, relative humidity, land and sea surface temperature, sur
face pressure, sea level pressure, atmospheric pressure, soil temperature, 
and geopotential height. We also modified the concentrations of 
greenhouse gases, including CO2, N2O, CH4, CCl4, CFC-11, and CFC-12, 
based on the official anthropogenic emissions used for the CMIP6 project 
in the SSP5-8.5 scenario (Meinshausen et al., 2020). In addition to the 

above, the ocean temperature and salinity were perturbed in the coupled 
atmosphere-ocean simulations. For the adjusted 3D variables in both the 
atmosphere and coupled models such as air and ocean temperatures, the 
climate change perturbations were added at all vertical levels in the 
atmosphere and ocean. Both models adjusted to the added perturbations 
within a few hours, thus, we used the first six simulated hours of the TC 
lifetime as spin-up and excluded these from all analyses. Supplementary 
Fig. 1 shows the E3SM September climatology of 2-m temperature and 
SST for the historical and future (i.e., SSP5-8.5) periods, as well as the 
estimated difference between the two periods used to perturb the initial 
and boundary conditions for the PGW simulations. Due to limited 
computing resources, we only used climate change perturbations from 
one global model for the atmosphere-only and coupled simulations. 
Thus, we did not account for uncertainty due to the range of climate 
sensitivities among different global models. Our results here, therefore, 
apply to the climate sensitivity of the E3SM. 

2.4. Detection of simulated TC tracks 

Simulated TCs were identified using the location of the minimum sea 
level pressure (SLP). The simulated TCs in both the historical and PGW 
simulations were tracked for the same time period (Supplementary 
Table 1). To evaluate the response of TCs to anthropogenic changes, it 
was necessary to verify that hindcasted TCs could realistically represent 
the observed TC evolution, especially its track (Wehner et al., 2019). For 
this, we used observations from HURDAT2 (Landsea and Franklin, 
2013) as archived in the International Best Track Archive for Climate 
Stewardship (IBTrACS) version 4 (Knapp et al., 2010) to evaluate the 
historical TC simulations. TC tracks simulated with both the 
atmosphere-only and coupled models were compared to observations 
(Fig. 2). 

Hurricane Arthur’s track was poorly hindcasted and was thus 
omitted from the remaining analyses. Ensemble mean historical tracks 
for the remaining TCs reasonably represented their corresponding 
observed tracks with only slight deviations for Irma and Michael (Fig. 2). 
Nate’s historical track was similar to Michael, although Nate was 
moving at a much faster forward speed (Supplementary Fig. 2). Simu
lated historical TC tracks for both atmosphere-only and coupled simu
lations were nearly identical in all cases. This is not surprising as many 
previous studies have shown that TC tracks have little sensitivity to 
atmosphere-ocean coupling (e.g., Wu et al. (2005)). This is also true for 
individual ensemble members for all TCs (Supplementary Figs. 3a–d). 
We further evaluated the intensity of hindcasted TCs and found that the 
intensity of simulated TCs was underestimated (Supplementary Fig. 
3e-p), likely due to the horizontal resolution. This is not surprising as TC 
intensity is usually underestimated for scales exceeding a few kilometers 
(Davis, 2018). This may introduce some uncertainty, which was not 
accounted for in this study due to limited supercomputing resources. 
Nevertheless, this uncertainty is unlikely to influence the sign of the 
projected TC statistics as shown by Patricola and Wehner (2018). 
Moreover, the temporal and spatial evolution of the observed TC in
tensity is hindcasted with reasonable fidelity. More importantly, the 
impact of TC-ocean interaction on the intensity of the hindcasted TCs 
can be clearly seen (Supplementary Fig. 3i-p), as many previous studies 
have shown that air-sea coupling significantly reduces intensity of TCs 
(e.g., Bender and Ginis, 2000; Emanuel, 1999; Wu et al., 2005). 

3. Results 

3.1. Influence of ocean coupling on the anthropogenic TC rainfall 
response 

We investigated the response of TC rainfall to anthropogenic climate 
change and the influence of ocean coupling on the response by focusing 
on a reference region spanning a 500 km radius around the TC center 
throughout the TC lifetime (referred to as the composite). As in previous 

Fig. 1. Model simulation domains for atmosphere (WRF) and ocean (ROMS) 
models used to simulate Gulf Coast tropical cyclones including Hurricanes Ida, 
Michael, and Nate. 
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studies (e.g., Knutson et al., 2010, 2020), TC rainfall increases in the 
future with or without ocean coupling (Fig. 3 and Supplementary Fig. 4). 
In addition to rainfall increases, the size of each of the TCs that we 
investigated increases in the future as shown by the larger spatial extent 
of the 18 ms− 1 wind speed (Fig. 3 red contours). This increase was 
higher for TCs that were relatively small in the historical period (Sup
plementary Table 2). The largest rainfall increases in both 
atmosphere-only and coupled simulations occurred in the inner areas of 
the TCs, where rainfall was heaviest in the historical period. Rainfall 
increases near the storm center are consistent with Knutson et al. (2010) 
and Patricola & Wehner (2018). 

It must be noted that the tracks of the simulated TCs robustly respond 
to the E3SM climate change perturbations, with westward displace
ments relative to the historical period that are considerable for some TCs 
such as Maria (Fig. 2). The westward shifts could be due to changes in 
deep-layer environmental flow, which have been identified as being 
responsible for similar westward shifts in Atlantic TC tracks (Kelly et al., 
2018). However, we only model several storms in this study and 
consequently caution that these results may not be applicable to the full 
Atlantic basin. The displacements of TC tracks therefore imply that 
rainfall increases in the warmer climate may not only be attributed to 
the thermodynamic effects of climate change but also the TC’s local 
interaction with its new environment. However, we expect the latter’s 
effect to be minimal, especially given that the large future rainfall in
crease for Hurricane Irma—whose historical and future tracks are 
similar for most of its lifetime (Fig. 2b)—are reproduced in the other TCs 
(Fig. 3). Hurricane Irma’s rainfall for only the parts of the historical and 

future tracks with minimal deviations is shown in Supplementary Fig. 5. 
As shown by Trenberth et al. (2007), the moisture budget of TCs is 

dominated by the inflow of moisture in the lowest 1 km of the TC, driven 
by the surrounding winds. We therefore compared the concurrent mean 
water vapor mixing ratio integrated from the surface to 800 hPa within a 
radius of 1000 km from the TC center (Fig. 4). Here, we see that both 
historical and PGW simulations have similar spatial distributions of 
water vapor. However, the amount of water vapor in the PGW simula
tions is much larger than the historical simulations whether in the 
atmosphere-only or coupled model. This largely explains the increased 
rainfall in the future simulations for all TCs. Based on the 
Clausius-Clapeyron relation, the higher water vapor in the PGW simu
lations is due to increased water-holding capacity of the atmosphere 
following the increased temperature in the future climate. In both his
torical and future simulations, most of the water vapor comes from 
outside the precipitation area of the TC, defined here as the 500 km 
radius around the TC (pink circle). In the lower atmosphere, the envi
ronmental winds, and the winds in the outer core of the TCs (arrows) 
appear to draw this water vapor into the storm core. This is then lifted 
upward, with the largest upward motions found within the core of the 
TC as shown by the higher vertical velocity (white contours). This 
mechanism could partly explain why the largest rainfall change between 
the historical and future climates occurs in the inner areas of the TCs. 

A secondary mechanism that could explain the future rainfall in
crease and especially, why the largest increase occurs in the inner areas 
is the ocean-surface heat fluxes. These fluxes strongly influence the in
tensity of the TCs. Fig. 5 shows the mean ocean-surface enthalpy flux 

Fig. 2. Comparison of observed (black) and ensemble mean historical TC tracks simulated with atmosphere-only (solid blue) and coupled (solid light blue) models 
for Hurricanes (a) Ida, (b) Irma, (c) Maria, and (d) Michael. The solid red and orange lines show the ensemble mean response of historical TC tracks to anthropogenic 
climate change in the atmosphere-only and coupled simulations respectively. The shadings represent the ensemble spread of the simulated TC tracks. The dashed 
lines bounding the shadings represent the maximum and minimum range of longitudes and latitudes of the simulated TC tracks across all ensembles. The period for 
which each TC is tracked is shown in Supplementary Table 1. 
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within a radius of 500 km (comparable to the pink circle in Fig. 4). As 
expected, the ocean-surface enthalpy flux is higher in the PGW simula
tions. The implication for this is locally enhanced kinetic energy 
(Rotunno and Emanuel, 1987), which in turn increases TC intensity and 
the secondary circulation associated with the TC (Emanuel, 1997). The 
stronger TC winds help to import water vapor into the storm. For all TCs 
in this study, the strongest enthalpy flux is found in the inner TC core, 
suggesting a strong influence from the underlying ocean and the high 
wind speed at the inner core region. This together with the water vapor 
inflow from beyond the precipitation area (pink circle in Fig. 4) could 
explain why the local maxima of water vapor appears in the TC inner 
core. In addition, the enthalpy flux is lower in the coupled simulations 

than the atmosphere-only simulations whether in the historical or future 
climate for all TCs. This is an indication that the water vapor inflow due 
to TC winds and evaporation may be weaker in the coupled model than 
in the atmosphere-only model, which could explain the lower rainfall 
rate in the inner TC core areas in the coupled model. 

Statistical significance of TC rainfall increases was then evaluated 
using a Student’s t-test. We determined the average 500 km radius 
rainfall around the TC center for all ensemble members, following prior 
research (e.g., Matyas 2013). For all TCs, the projected increase of TC 
rainfall was statistically significant at the 5 % level for both uncoupled 
and coupled simulations (Table 1). The rainfall increase magnitude was 
lower in the coupled simulations, however. This was also true whether 

Fig. 3. Simulated ensemble mean TC rainfall rate (mm hr− 1) composited within a 500 km radius around the tropical cyclone center throughout its lifetime for 
atmosphere-only: (a, e, f, m) historical and (b, f, j, n) SSP5-8.5, and coupled: (c, g, k, o) historical and (d, h, l, p) SSP5-8.5 simulations for Hurricanes (a–d) Ida, (e–h) 
Irma, (i–l) Maria, and (m–p) Michael. The red contours represent the ensemble mean 18 ms− 1 wind speed location. The x and y axes indicate the number of grid cells 
from the TC center. 
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TC rainfall was computed over only the ocean (Supplementary Fig. 6) or 
land (Supplementary Fig. 7). Although the increase in TC rainfall agrees 
with the findings of previous studies that were also based on PGW 
simulations (Patricola and Wehner 2018), the magnitudes are substan
tially larger in our study. For instance, Hurricane Irma’s rainfall average 
is projected to increase by 86 % and 83 % relative to the historical period 
for uncoupled and coupled simulations respectively, compared to a 27 % 
increase in the uncoupled simulations of Patricola & Wehner (2018) 
based on the RCP8.5 emission scenario. This is likely due to the differ
ences in the global climate models used to provide climate change 

perturbations in the two studies. In the study of Patricola & Wehner 
(2018), the response of TC activity to high-end anthropogenic climate 
change may have been conservative. This is because the driving climate 
change perturbations used in the study were estimated from the Com
munity Climate System Model (CCSM4) (Gent et al., 2011), whose 
sensitivity is among the lower end of CMIP5 global models (Andrews 
et al., 2012; Vial et al., 2013). Therefore, the driving GCM could influ
ence the projected TC response. 

The large future rainfall increases found in this study for most TCs 
cannot be explained by the Clausius-Clapeyron scaling (~7 % ◦C− 1) 

Fig. 4. Ensemble mean simulated water vapor mixing ratio (103 kg kg− 1) composited within a 1000 km radius around the tropical cyclone center throughout its 
lifetime for atmosphere-only: (a, e, f, m) historical and (b, f, j, n) SSP5-8.5, and coupled: (c, g, k, o) historical and (d, h, l, p) SSP5-8.5 simulations for Hurricanes (a–d) 
Ida, (e–h) Irma, (i–l) Maria, and (m–p) Michael. The arrows are the environmental wind direction from the surface to 800 hPa. The pink circle represents a 500 km 
radius region around the TC center. The white contours represent the ensemble mean positive vertical velocity (cm s− 1) averaged over all vertical levels from the 
surface throughout the TC lifetime; only three contour levels (0.1, 0.3, and 0.5 cm s− 1) are shown with the highest values in the innermost areas of the TCs. The x and 
y axes indicate the number of grid cells from the TC center. 
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alone. For instance, our finding for the rainfall increase of Hurricane 
Irma requires the temperature increase to be ~12 ◦C for the Clausius- 
Clapeyron scaling to hold. This is however not the case, as both the 
estimated 2-m temperature and SST increases based on the E3SM is < 10 
◦C throughout the model domain (Supplementary Fig. 1). Previous 
studies have shown that this “super Clausius-Clapeyron” scaling is likely 
due to other factors such as TC intensity increases (Hallam et al., 2023; 
Liu et al., 2019). By excluding the impact of storm intensity, Liu et al. 
(2019) showed that the rainfall rate increases matched better with the 
Clausius-Clapeyron rate than when the influence of storm intensity was 
not excluded. Their finding suggests that the “super Clausius-Clapeyron 
scaling” of rainfall rates with temperature increase as shown in this 
study and others (e.g., Reed et al. (2020)), is due to anthropogenic 

warming-induced increases in TC intensity. 
Since TC size increases from the historical to the future climate (red 

contours, Fig. 3), regions affected by the heaviest TC rainfall are likely to 
increase. Therefore, we also estimated average TC rain over the regions 
of heaviest rainfall, defined as all grid points exceeding 2 and 1 mm h− 1, 
respectively. We found that extreme TC rainfall increases with or 
without ocean coupling but the magnitude varies substantially 
depending on whether the simulations are coupled or not (Table 1). 
Thus, the influence of ocean coupling on the magnitude of extreme TC 
rainfall change may depend on individual TC characteristics. 

Fig. 5. Ensemble mean ocean-surface enthalpy flux (W m− 2) composites within a 500 km radius around the TC center throughout its lifetime for atmosphere-only: (a, 
e, f, m) historical and (b, f, j, n) SSP5-8.5, and coupled: (c, g, k, o) historical and (d, h, l, p) SSP5-8.5 simulations for Hurricanes (a–d) Ida, (e–h) Irma, (i–l) Maria, and 
(m–p) Michael. The arrows represent the average 10-m wind direction. The x and y axes indicate the number of grid cells from the TC center. 
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3.2. Influence of ocean coupling on anthropogenic TC intensity response 

We then investigated the response of TC intensity to anthropogenic 
climate change by evaluating differences in ensemble mean maximum 
10-m wind speed and minimum SLP during the TC lifetime between the 
historical and future simulations. In our simulations, TC intensities are 
generally lower when the atmosphere and ocean are coupled, whether in 
the historical or future climate (Fig. 6). This result is similar to findings 
from some previous studies with global models (e.g., Li and Sriver 
(2018; 2019)). The difference could be explained by lower air-sea 
enthalpy fluxes found in the coupled simulations (Fig. 5). However, 
the intensity of all TCs in both atmosphere-only and coupled simulations 
increases in the warmer climate (Fig. 6 and Table 2). Therefore, this is 
robust evidence that ocean coupling does not influence the sign of the 
anthropogenic TC intensity response in the five TCs that were studied. 
The increase of TC intensity is statistically significant at the 5 % level for 
all TCs. 

Our results further showed that the magnitude of TC increase from 
the historical to future climates in the atmosphere-only (32–49 % for 
wind speed and − 1.6 to − 5.5 % for SLP) was comparable to the coupled 
(30–46 % for wind speed and − 1.2 to − 5 % for SLP) simulations 
(Table 2). Thus, at least for the TCs considered in this study, ocean 

coupling appears to have a modest influence on the magnitude of the 
anthropogenic TC intensity response. Despite this, we found that future 
intensity increases in the atmosphere-only simulations were always 
higher, albeit slightly, than the coupled simulations for all of the TCs 
considered when using SLP as a metric for TC intensity. This is however 
not always true when considering the maximum sustained wind speed, 
as in some cases the coupled simulations project higher intensity in
creases. This result may not necessarily be reproduced for other TCs and 
thus cannot be generalizable. A larger number of TC cases may however 
help to better understand this in future studies. 

3.3. Enhanced tropical cyclone induced cooling in coupled simulations 

Cold SST anomalies due to a TC passage have profound impacts on 
TC intensification (Mei et al., 2013; Mei et al., 2015b) and the post-TC 
atmospheric environment (Ma et al., 2020). Comparing the pre- and 
post-TC SST difference between the atmosphere-only and coupled sim
ulations for the SSP5-8.5 future simulations (Fig. 7), we find that, as 
expected, TC-induced cooling is larger in the latter in which the ocean 
responds to the TC than in the former, with prescribed SST. This is also 

Table 1 
Simulated ensemble mean difference in rainfall rate between the SSP5-8.5 and 
the historical period expressed as a percentage of the historical average over a 
500 km radius region around the TC center and a region of concentrated rainfall 
around the TC with rain rates > 2 and 1 mm h− 1 for atmosphere-only and 
coupled simulations. All changes are significant at the 5 % level.  

TC (SSP5-8.5 – historical)/historical 

500 km radius > 2 mm h− 1 > 1 mm h− 1 

atmos coupled atmos coupled atmos coupled 

Ida 34 14 55 80 39 97 
Irma 86 83 37 44 33 38 
Maria 143 125 69 80 46 45 
Michael 99 90 52 39 61 57 
Nate 63 52 71 64 92 81  

Fig. 6. (a–d) Boxplots of simulated maximum TC lifetime intensity based on 10-m wind speed (m s− 1) from the 10-member ensemble of atmosphere-only and 
coupled simulations of Hurricanes (a) Ida, (b) Irma, (c) Maria, and (d) Michael for the historical (blue) and SSP5-8.5 (red) periods. (e–h) as in a-d but for minimum 
sea level pressure (hPa). The green dot and line represent the ensemble mean and median maximum intensities, respectively. The red and blue boxes denote the 
interquartile range, and whiskers denote the minimum and maximum. 

Table 2 
Simulated ensemble mean difference in 10-m maximum wind speed and min
imum sea level pressure between the SSP5-8.5 and the historical period 
expressed as a percentage of the historical average for atmosphere-only and 
coupled simulations. All changes are significant at the 5 % level.  

Intensity metric TC (SSP5-8.5 – historical)/historical 

atmos coupled 

Maximum wind speed Ida 32 31 
Irma 35 36 
Maria 38 46 
Michael 49 42 
Nate 33 30 

Minimum sea level pressure Ida − 3.5 − 3.1 
Irma − 5.4 − 5 
Maria − 5 − 4.9 
Michael − 5.5 − 4.4 
Nate − 1.6 − 1.2  
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true for the historical simulations (Supplementary Fig. 8). The relatively 
weaker SST cooling seen in the atmosphere-only simulations could be 
attributed to the cold wakes that already existed in the reanalysis data 
used to prescribe the SST. The enhanced cold wake in the coupled 
simulations could explain the lower air-sea enthalpy flux (Fig. 5), which 
could have a profound impact on the atmosphere, subsequently 
reducing TC intensity and future development (Karnauskas et al., 2021). 
This could further explain why most coupled GCMs project lower TC 
frequency in the future than their atmosphere-only counterparts (Rob
erts et al., 2020). 

TC-induced cooling also suppresses both clouds and rainfall in the 
wake regions (Ma et al., 2020), potentially impacting projected TC 
rainfall statistics. The definition of TC rainfall composites means that 
composited rainfall at a given time step could include a substantial 
portion of the previous time step’s composite, which would now be in 
the cold wake region. Enhanced cold wakes in the coupled simulations 
could explain the lower magnitude of projected rainfall increases when 
considering a 500 km radius around the TC center (Table 1). The 
magnitude of future TC rainfall increase varies considerably depending 
on whether the simulations are coupled or not when considering the 

Fig. 7. (a–d) Time slices of ensemble mean SST change defined as ΔSST = SST+2 days − SST− 2 days at each TC location for atmosphere-only simulations of Hurricanes 
(a) Ida, (b) Irma, (c) Maria, and (d) Michael in the SSP5-8.5 scenario. (e–h) as in a-d but for coupled simulations. Areas of the ocean which are not within a 200 km 
radius of the TC center are blanked for clarity. Cooling levels of − 1 and − 0.5 ◦C are shown by yellow and green contours, respectively. The black lines represent the 
simulated TC track. 

Fig. 8. Ensemble mean difference in simulated TC rainfall rate (mm hr− 1) between coupled and atmosphere-only simulations for the (a–d) historical and (e–h) SSP5- 
8.5 periods for Hurricanes (a, e) Ida, (b, f) Irma, (c, g) Maria, and (d, h) Michael. Differences are determined from composites of rainfall rate composited relative to 
the TC center throughout its lifetime. The contours represent ensemble mean differences in surface latent heat fluxes (Wm− 2). The x and y axes indicate the number of 
grid cells from the TC center. 
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areas of heaviest rainfall near the storm center. Therefore, subject to 
different rainfall measures and definition, coupled simulations may not 
always lead to a lower magnitude of projected future TC rainfall in
creases than atmosphere-only simulations. 

3.4. Sensitivity of ocean coupling: Historical vs. PGW simulations 

We further investigated whether differences in TC statistics between 
the atmosphere-only and coupled simulations in the historical period 
could be modified in the future climate. This would allow us to deter
mine the sensitivity of atmosphere-ocean coupling to warmer temper
atures. For TC rainfall, our results have shown that atmosphere-only 
simulations generally lead to higher values than coupled simulations, 
whether in the historical or future period (Fig. 3). However, for all of the 
TCs considered here, the magnitude of the rainfall difference between 
atmosphere-only and coupled simulations is much larger in the future 
climate, reaching up to five times for some TCs (Fig. 8 and Table 3). This 
is an indication that the uncertainty of TC rainfall estimates in historical 
simulations due to the lack of atmosphere-ocean coupling may be 
magnified further in warmer conditions. This could be explained by 
changes in the upper ocean thermal structure in addition to individual 
TC characteristics in the future climate. For example, in the case of Irma, 
the increase in the depth of the 26 ◦C isotherm (Fig. 9) increases the 
ocean heat content (Lin et al., 2008). A similar response is seen for all the 
other TCs considered in this study (not shown). This increase in ocean 
heat content explains the future rainfall increase due to increased 
evaporation and moisture content in the TC environment (Trenberth 
et al., 2018). However, the intensity of the TC-induced cooling is much 
higher in the entire warm layer in the future than in the historical 
climate. This could be due to increased wind speeds, which enhances 
vertical mixing and upwelling of cooler ocean water, consequently 
reducing ocean-surface latent heat fluxes (Fig. 8 contours). We note 
however that this process may depend on individual TC characteristics 
and location. 

On the other hand, the magnitude of intensity difference between 
atmosphere-only and coupled simulations tends to depend on the metric 
used to characterize TC intensity. Like rainfall, the magnitude of the 
changes is always larger in the future climate when using minimum SLP 
(Table 3). The magnitude of the difference reaches more than a factor of 
two for some of the TCs. On the contrary, the magnitude of the intensity 
difference is not always larger in the future climate when using the 
maximum 10-m wind speed. For example, the magnitude difference 
between the atmosphere-only and coupled simulations for Hurricanes 
Irma and Maria is 4.6 % and 8.8 % respectively in the historical period. 

In the future period, the magnitude difference is 3.7 % and 3.5 % 
respectively, although both were not statistically significant. A better 
understanding of the pattern of these differences could be established by 
using a higher number of TC cases in future studies. 

4. Summary and conclusion 

This study has shown the importance of accounting for atmosphere- 
ocean interaction in numerical model projections of future TC activity. 
The response of TC activity to anthropogenic climate change was 
investigated using both atmosphere-only and coupled simulations of 
several recent impactful TC events. We first simulated the TC events in 
the historical conditions in which they occurred and then simulated the 
same events in a high-emission warm scenario at the end of the 21st 
century based on projections from the E3SM. Our results showed that 
the rainfall and intensity of several recent hurricane events would in
crease if they were to occur in much warmer conditions, whether sim
ulations are made with an atmosphere-only or coupled model. 
Consequently, this allows us to have confidence in projections based on 
atmosphere-only models, as most project increasing intensity and rain
fall, albeit with varying magnitudes (Knutson et al., 2013; Villarini et al., 
2014; Wright et al., 2015). 

However, by accounting for atmosphere-ocean interactions, the 
magnitude of the future increase of TC rainfall and intensity is influ
enced, albeit slightly in the latter. Over a 500 km radius around the 
simulated TCs, our coupled simulations led to a 3–47 % less projected 
rainfall increase than the atmosphere-only simulations. The differences 
were found to be driven by enhanced TC-induced cooling in the coupled 
simulations for all of the simulated TCs. When considering the regions of 
heaviest rainfall around the TC, however, the influence of coupling on 
the increase in magnitude varied considerably. Using a 2 mm h− 1 

threshold, for instance, the magnitude of TC rainfall increase could be up 
to 25 % less or 13 % more than the atmosphere-only simulations. This 
indicates that the local-scale influence of TC-ocean coupling and het
erogeneity depends on individual storm characteristics. The influence of 
atmosphere-ocean interactions on the magnitude of future intensity in
crease was not as large as for rainfall, with a range of 32–49 % and 
30–46 % in 10-m wind speed increases for the atmosphere-only and 
coupled simulations, respectively. 

Comparing the differences in TC statistics between atmosphere-only 
and coupled simulations of the historical period to the future period 
revealed a possible sensitivity of TC-ocean interaction to climate change. 
We found that the magnitude of the difference between simulated 
atmosphere-only and coupled TC rainfall was much larger in the future 
period (up to a factor of five for some TCs) than in the historical period. 
This suggests that the influence of atmosphere-ocean interactions on 
simulated hurricane rainfall statistics may be sensitive to warming for 
the simulated hurricane events. Additionally, although TC rainfall tends 
to be greater in atmosphere-only simulations compared to coupled 
simulations, this response is substantially more pronounced in the future 
climate compared to the historical, indicating that using prescribed SSTs 
may introduce much greater errors in simulations of the future climate 
compared to the historical. For TC intensity, the differences in the 
magnitude were small and dependent on the metric used to characterize 
intensity. 

A limitation of our study was the use of one GCM (i.e., E3SM) to 
provide the driving climate change perturbations. Therefore, our pro
jections correspond to a given level of warming, which could happen 
later or earlier in time than it does in the E3SM. It also means that the TC 
response shown in this study applied to the climate sensitivity of E3SM 
only and did not account for uncertainty due to the range of climate 
sensitivities among different models. Thus, our results may not neces
sarily be generalizable. Different climate sensitivities due to the under
lying global model could lead to substantial differences in the TC 
response. Individual GCM biases may also impact the TC response to 
climate change. Therefore, further PGW simulations with climate 

Table 3 
Ensemble mean percent difference in simulated TC 10-m maximum wind speed, 
minimum sea level pressure, and rain rate between coupled and atmosphere- 
only simulations for the historical and SSP5-8.5 periods. Changes denoted by 
* are significant at the 5 % level.   

TC (coupled – atmos)/atmos 

historical SSP5-8.5 

Maximum wind speed Ida − 4.9* − 6* 
Irma − 4.6 − 3.7 
Maria − 8.8* − 3.5 
Michael − 8.1* − 12.4* 
Nate − 8.9 − 10.8 

Minimum sea level pressure Ida 0.5* 1* 
Irma 0.6* 0.9* 
Maria 0.7* 0.8* 
Michael 0.8* 2.1* 
Nate 0.6 1.1 

Rain rate Ida − 3.6* − 18* 
Irma − 14.8* − 16* 
Maria − 8.6* − 15.3* 
Michael − 7.6* − 11.9* 
Nate − 6.7 − 12.8  
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change perturbations from multiple GCMs are planned to investigate 
this uncertainty. 

Code availability 

The code for the COAWST system, which includes the codes for both 
the ROMS and WRF models, is available at https://github.com/j 
cwarner-usgs/COAWST. All analysis codes are available from the cor
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