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Abstract Tropical cyclone (TC) intensity and precipitation are projected to increase in the future. However,
some projections are based on atmosphere‐only models in which sea surface temperatures are prescribed,
whereas projections based on global atmosphere‐ocean coupled models can be subject to long‐term ocean
biases. We investigated the role of TC‐ocean interactions in future changes in TC intensity and precipitation in
Hurricane Katrina. We performed four‐member ensembles using convection‐permitting atmosphere‐only and
atmosphere‐ocean regional models for the historical climate and four future climates. We found that although
future TC intensity and precipitation increased regardless of ocean coupling, ocean coupling dampened the
future minimum sea‐level pressure decrease by half and amplified future precipitation scaling. Compared to
future changes in upper‐ocean temperature, changes in salinity contributed little to future changes in TC
intensity. This study highlights the importance of considering TC‐ocean interactions to reduce uncertainty in the
magnitude of future TC intensity and precipitation projections.

Plain Language Summary Tropical cyclone (TC) intensity and precipitation are projected to
increase in the future. However, some projections are based on models in which the ocean surface temperatures
are prescribed and therefore do not respond to TCs. On the other hand, projections based on global coupled
models that account for TC‐ocean interactions can be subject to long‐term biases in simulated ocean
temperature. We investigated the role of TC‐ocean interactions in future changes in TC intensity and
precipitation in Hurricane Katrina using a regional model. We performed four‐member ensembles using high‐
resolution models that do and do not account for TC‐ocean interactions in the historical climate and four future
climates. We found that although TC intensity and precipitation increased regardless of whether TC‐ocean
interactions were simulated, accounting for TC‐ocean interactions dampened the future minimum sea‐level
pressure decrease by half and amplified future precipitation scaling (the change in precipitation per degree of
ocean warming). Compared to future changes in upper‐ocean temperature, changes in salinity contributed little
to future changes in TC intensity. This study highlights the importance of considering TC‐ocean interactions to
reduce uncertainty in the magnitude of future TC intensity and precipitation projections.

1. Introduction
Tropical cyclones (TCs) are among the costliest and deadliest natural hazards (Smith, 2020), highlighting the
need for reliable future projections. A commonly used approach is to study how the intensity and precipitation of
historically impactful TC events could change in the future, with the actual event providing a baseline for TC
impacts. This “storyline” or pseudo‐global warming approach (Schär et al., 1996) assumes that an event similar to
the historical one could occur in a future climate. It is implemented by performing hindcasts of the event in the
historical climate in which it occurred and future experiments in which changes in atmospheric thermodynamic
conditions and sea surface temperatures (SSTs) are added to the model's initial and boundary conditions to
represent the same event, but in a future climate state. However, studies that implement the storyline approach
typically use atmosphere‐only models, which neglect the TC‐ocean interactions that are important for TC in-
tensity and precipitation (e.g., Forbis & Patricola‐DiRosario, 2025; Forbis et al., 2024; Lackmann, 2015; Lynn
et al., 2009; Patricola‐DiRosario & Wehner, 2018; Reed et al., 2020, 2021; Wehner et al., 2019).

TC‐ocean interactions operate largely through TC wind‐driven ocean mixing, which typically cools the upper‐
ocean creating an SST “cold wake” (Fisher, 1958), thereby reducing TC intensity via a negative feedback
(Price, 1981; Schade & Emanuel, 1999). Several atmospheric and oceanic factors can influence TC‐ocean
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interactions. TC wind speed and translation speed are important atmospheric factors, as TCs with stronger winds
and/or slower translation speeds tend to induce stronger upper‐ocean cooling (Lin, Pun, & Wu, 2009; Lloyd &
Vecchi, 2011; Mogensen et al., 2017; Price, 1981; Schade & Emanuel, 1999). The vertical structure of the upper‐
ocean, including the depth of the mixed layer (region closest to the ocean surface characterized by vertically
uniform temperature and salinity) and the vertical temperature gradient in the thermocline (region below the
mixed layer in which temperature cools with depth), is also important for TC‐ocean interactions. For example, a
thin ocean mixed layer and/or a thermocline in which temperature cools rapidly with depth tend to induce stronger
upper‐ocean cooling (Lin et al., 2008; Mogensen et al., 2017; Price, 1981). Conversely, TCs can rapidly intensify
when they pass over a warm, deep mixed layer and/or warm ocean features such as warm‐core eddies and the
Loop Current in the Gulf of Mexico (Hong et al., 2000; Leipper & Volgenau, 1972; Lin et al., 2005; Lin, Chen,
et al., 2009; Shay et al., 2000).

In addition to upper‐ocean thermal structure, upper‐ocean salinity is important for TC‐ocean interactions.
Freshwater fluxes at the ocean surface from river runoff or heavy precipitation can form an oceanic barrier layer,
in which a uniform density layer forms above the uniform temperature layer (Sprintall & Tomczak, 1992). Barrier
layers therefore reduce upper‐ocean mixing and cooling (Wang et al., 2011), supporting greater TC intensification
rates compared to TCs that do not pass over barrier layers (Balaguru et al., 2012, 2020; Yan et al., 2017),
especially for Category 1 hurricanes and stronger (Hlywiak & Nolan, 2019). In addition, freshwater fluxes from
TC precipitation can reduce upper‐ocean cooling in numerical model simulations (Jacob & Koblinsky, 2007; Liu
et al., 2024).

While it is clear that atmosphere‐ocean coupling is needed to account for processes important for TCs, biases in
global coupled climate models can pose challenges. The ocean model biases that have persisted in generations of
climate models (Richter, 2015; Zuidema et al., 2016) lead to substantial errors in simulated TC frequency in a TC‐
permitting regional model (Hsu et al., 2019) as well as reductions in simulated precipitation and uncertainties in
future TC precipitation projections in simulations from the High Resolution Modeling Intercomparison Project
(H. Huang et al., 2021). Furthermore, simulations that do not account for atmosphere‐ocean coupling can simulate
TCs that are too intense and frequent (Bender & Ginis, 2000; Li & Sriver, 2018; Scoccimarro et al., 2017;
Zarzycki, 2016).

TC intensity and precipitation are generally projected to increase based on global coupled simulations
(e.g., Knutson et al., 2020; Scoccimarro et al., 2014; Villarini et al., 2014) and atmosphere‐only storyline sim-
ulations (Forbis & Patricola‐DiRosario, 2025; Forbis et al., 2024; Lackmann, 2015; Patricola‐DiRosario &
Wehner, 2018; Reed et al., 2020, 2021; Wehner et al., 2019). As far as the authors are aware, only one study has
investigated the influence of ocean coupling with the storyline approach. That study projected future increases in
TC intensity and precipitation regardless of whether an atmosphere‐only or atmosphere‐ocean model was used
(Danso et al., 2024). However, the simulations used parameterized convection and one global model for future
climate perturbations.

It remains unknown how TC‐ocean interactions will shape future changes in TC intensity and precipitation. Some
models project that the upper‐ocean may becomemore thermally stratified in the future with greater warming near
the ocean surface, which could dampen future increases in TC intensity (P. Huang et al., 2015). Recent increases
in ocean temperature and heat content (Cheng et al., 2024) give urgency to this problem. Therefore, we pose the
question: How do TC‐ocean interactions and projected changes in upper‐ocean temperature and salinity impact
future TC intensity and precipitation projections? To address this, we simulated Hurricane Katrina (2005) in a
historical climate and in four future climates with and without atmosphere‐ocean coupling. We selected Katrina
due to its Category 5 intensity as it interacted with the Loop Current (Scharroo et al., 2005) and impacts of at least
1,833 fatalities and $108 billion in damages (Knabb et al., 2005). While the importance of TC‐ocean interactions
has been well‐established and the storyline approach commonly applied in atmosphere‐only models, this study is
novel in that we used a convection‐permitting regional coupled model in the storyline framework, investigated a
broad range of future upper‐ocean conditions, and designed the week‐long regional model simulations to mitigate
impacts of the SST biases typical of seasonal‐climate global model simulations.

2. Convection‐Permitting Regional Climate Model Simulations
We conducted hindcast simulations of Katrina using the Weather Research and Forecasting (WRF) model v4.4.1
(Skamarock et al., 2021) at convection‐permitting 4 km grid spacing with 50 atmospheric vertical levels. The
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Figure 1. (a) Domain used for regional model simulations with the observed (HURDAT2) track of Hurricane Katrina (black).
The red box was used to calculate future ocean perturbations from the global models, which were applied uniformly in the
horizontal direction over the teal region to the initial condition of the coupled regional model experiments. (b) Ensemble‐
mean tracks for Hurricane Katrina in the uncoupled simulations with prescribed cold wakes (solid lines), coupled simulations
(long‐dashed lines), and uncoupled simulations without prescribed cold wakes (short‐dashed lines) from the following
climates: Historical (blue) and future perturbed using CESM2 (red), CESM‐HR (magenta), E3SM2 (green), GFDL4
(yellow), and GISS (violet). The black line represents the observed tropical cyclone track. Future change (August 2040–2060
minus August 1990–2010) in upper‐ocean (c) temperature (°C) and (d) salinity (g kg− 1) averaged over the red box from
CESM2 (red), E3SM2 (green), GFDL4 (yellow), GISS (violet), and CESM‐HR (magenta).
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model domain is shown in Figure 1a and parameterizations are listed in Table S1 in Supporting Information S1.
We performed four‐member ensembles using the Stochastic Kinetic Energy Backscatter scheme (Berner
et al., 2011; Duda et al., 2016; Shutts, 2005). For the historical hindcasts, initial and lateral boundary conditions
were prescribed from the 6‐hourly, 0.5° resolution National Centers for Environmental Prediction Climate
Forecast System Reanalysis (NCEP CFSR, Saha et al., 2010). SSTs for atmosphere‐only simulations were also
prescribed from CFSR. The simulations were initialized on 06:00 UTC 27 August 2005 and integrated for 96 hr.

WRF includes the three‐dimensional Price‐Weller‐Pinkel (3DPWP) model (Price, 1981; Price et al., 1986, 1994),
an ocean mixed‐layer model that accounts for convective and advective processes for simulating ocean tem-
perature and salinity. We configured 3DPWP to a depth of 400 m to capture TC‐ocean interactions. Our simu-
lations are short enough that the seasonal‐climate SST biases typical of global coupled climate models will not
develop within the regional model. In addition, the impact of the biases in the global model data may be mitigated
by using the storyline approach, as biases in the global model may be subtracted out (if similar between climate
states) by applying the future change in ocean variables, rather than historical and future fields separately, to the
regional model. While the 3DPWPmodel accounts for salinity changes that are prescribed in the initial condition,
it does not account for sea‐surface freshening from rainfall simulated in WRF. It also does not account for ocean
bathymetry. For historical hindcasts that were coupled with the 3DPWP model, initial conditions for ocean
temperature and salinity were from the 3‐hourly, 1/12° resolution, 41 vertical level Hybrid Coordinate Ocean
Model (HYCOM) data set, which was created using the Global Ocean Forecasting System 3.1 and the Navy
Coupled Ocean Data Assimilation System (Cummings, 2005; Cummings & Smedstad, 2013; Helber et al., 2013).
Therefore, the warm‐core eddy that Katrina passed over in the Gulf of Mexico is prescribed in the initial
conditions.

We conducted coupled atmosphere‐ocean experiments and two sets of uncoupled atmosphere‐only experiments:
one with and another without a prescribed observed SST cold wake (Table S2 in Supporting Information S1). The
simulations with a prescribed cold wake used SST based on the observed time‐evolution of historical SST,
whereas simulations without a prescribed cold wake used SST at the time of the initial condition throughout the
integration (with both sets of SSTs perturbed for future climate simulations). The simulations were performed in
the historical and future climates. We note that strictly speaking, a cold wake is the SST cooling after a TC has
fully passed. In the experiment that we refer to as having a prescribed SST cold wake, the SST that is prescribed
reflects the conditions during the TC, rather than after the TC passage. However, we still use the term “cold wake”
for simplicity. The cold wake produced in the historical coupled simulation (Figure S1a in Supporting Infor-
mation S1) compared reasonably well to the prescribed cold wake from the CFSR (Figure S2e in Supporting
Information S1), albeit with stronger maximum SST cooling in the former (∼5°C) compared to the latter (∼4°C).
For the coupled simulations, we performed a historical hindcast and two sets of future experiments: one in which
future changes in both ocean temperature and salinity were applied to the initial conditions and another with
changes applied only to ocean temperature. This was done to understand the impact of future changes in each
ocean temperature and salinity. Given the minimal future changes in salinity (Figure 1d), we only performed one
ensemble member per climate.

To simulate Katrina in a future climate, we used the pseudo‐global warming or “storyline” method (Schär
et al., 1996). This method assumes that a hurricane like Katrina could occur in a future climate by retaining
Katrina's synoptic conditions from reanalysis and adding future climate change perturbations from global model
simulations to produce future climate experiments. The climate change perturbations were calculated by sub-
tracting historical conditions (August 1990–2010 climatology) from future conditions (August 2040–2060
climatology) for atmosphere (relative humidity, air and surface temperature, surface and sea‐level pressure
[SLP], and geopotential heights) and ocean variables (SST in uncoupled simulations, ocean temperature and
salinity in coupled simulations). These climate change perturbations were then added to the initial and boundary
conditions. We used a horizontally uniform perturbation in upper‐ocean conditions so that a TC in a future climate
simulation would still experience the same upper‐ocean changes even if there were deviations in the TC track.
Therefore, we averaged the future changes in ocean variables over the center of the Gulf of Mexico (red box in
Figure 1a) and applied them uniformly to the northern half of the Gulf of Mexico (teal box in Figure 1a). This was
done so that regions with shallow bathymetry were excluded when creating the upper‐ocean perturbations, as the
regional ocean model was set to a depth of 400 m. We verified that this did not introduce erroneous horizontal
oceanic gradients at the edge of the teal box. SST initial conditions (Figure S3 in Supporting Information S1) are
described in Text S1 in Supporting Information S1.
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To perturb the atmosphere and ocean for a future climate in the regional model simulations, we used output from
four global models (Table S3 in Supporting Information S1) that participated in the Coupled Model Intercom-
parison Project Phase 6 (CMIP6) including the: Community Earth System Model version 2 (CESM2; Danaba-
soglu, 2019a, 2019b), Energy Exascale Earth System Model version 2.0 (E3SM2; Bader et al., 2022, 2023),
Geophysical Fluid Dynamics Laboratory Earth System Model version 4.0 (GFDL4, John et al., 2018; Krasting
et al., 2018), and National Aeronautics and Space Administration (NASA) Goddard Institute for Space Studies
Model‐E v2.2‐G (GISS; NASA Goddard Institute for Space Studies (NASA/GISS), 2019, 2021). In addition, we
used ocean data from a high‐resolution (0.25° atmosphere, 0.1° ocean) version of CESM (CESM‐HR, Chang
et al., 2020) to understand how ocean model resolution could impact the future ocean perturbations and response
in Hurricane Katrina. CESM‐HR's 10 km ocean model is able to resolve Loop Current Eddies in the Gulf of
Mexico and therefore capture future changes in them. For simulations that used ocean perturbations from CESM‐
HR, future atmospheric perturbations were prescribed from the CESM2 simulation from CMIP6 so that we could
isolate the influence of ocean model resolution on the simulated upper‐ocean structure, and its subsequent in-
fluence of air‐sea coupling during Katrina. Our selection of global models represents a set of future climates with
a substantial range of atmospheric warming (Table S3 in Supporting Information S1) and changes in vertical
structure of upper‐ocean temperature (Figure 1c, Figure S4 and Text S2 in Supporting Information S1).

Global model data from the historical simulation were used to represent the climate between 1990 and 2010. For
the future climates, we used data during 2040–2060 from experiments under the following greenhouse gas
emission scenarios: the Shared Socioeconomic Pathways (SSP) scenario SSP585 for CESM2, GFDL, and GISS;
SSP370 for E3SM2 due to lack of SSP585 data at the time; and Representative Concentration Pathways 8.5
(RCP8.5) for CESM‐HR. SSP585 and RCP8.5 represent high greenhouse gas emissions, while SSP370 represents
moderate emissions (Meinshausen et al., 2020). Greenhouse gas concentrations for the year 2050 were prescribed
in WRF in the future simulations for CO2, CH4, N2O, CFC‐11, and CFC‐12 (Meinshausen et al., 2020).

3. Results
3.1. TC Track

We first assessed how well the regional model simulated Katrina's track (Figure 1b) compared to HURDAT2
observations (Landsea & Franklin, 2013), since substantial deviations in track can result in the TC passing
through different atmospheric and underlying ocean conditions. The historical hindcasts for all treatments of the
ocean produced a TC track that was close to observed (Figure 1b), with ensemble‐mean error (great circle distance
between observed and simulated landfall points) in landfall of ∼60 km. The TC tracks for a given climate were
relatively insensitive to the treatment of the ocean, with insignificant (p ≥ 0.05) differences in landfall location.
We also verified that the TC tracks in each set of historical and future climate simulations were similar, allowing
for comparable experiments. Of the future simulations, those perturbed by GFDL4 produced a track that was
closest to observed, while those perturbed by GISS, CESM2, and CESM‐HR produced moderate deviations
(Figure 1b). Future simulations perturbed by E3SM2 produced the greatest track deviations, which could lead to
the TCs experiencing different environmental conditions. The ensemble spread in TC tracks for a given exper-
iment was relatively small (Figure S6 in Supporting Information S1). The spatial scale of track deviations was
smaller than that of the TC, suggesting the future TCs still experienced a similar atmospheric and oceanic
environment as the historical.

3.2. TC Intensity

We assessed Katrina's hindcasts to evaluate how well they represented observed TC intensity. All hindcasts
(Figures 2a and 2b, blue marks) produced TC intensities that were weaker than observed (gray circle). Specif-
ically, Katrina's ensemble‐mean minimum SLP was 920, 923, and 933 hPa for the historical uncoupled experi-
ment without and with cold wakes and the coupled experiment, respectively, compared to 902 hPa in HURDAT2
observations (Figure 2a, Table S5 in Supporting Information S1), while peak 10‐m winds were 124, 122, and
111 kts, respectively, compared to 150 kts in observations (Figure 2b, Table S5 in Supporting Information S1). In
addition, we found that the effects of TC‐ocean coupling on simulated TC intensity occurred as expected, as
intensity (by both measures) was weaker in the coupled experiments than in the uncoupled experiments (both
without and with cold wakes), as demonstrated above for the historical climate, and for the future climate which
had an ensemble‐mean minimum SLP of 906, 910, and 926 hPa and peak 10‐mwind speed of 133, 134, and 121 kt
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for the uncoupled experiment without and with cold wakes and the coupled experiment, respectively (Figures 2a
and 2b, Table S5 in Supporting Information S1). This was the case for each ensemble member and for all climates,
as demonstrated by all points falling to the left of the 1:1 line for minimum SLP (Figure 2a) and to the right of the
1:1 line for peak 10‐m wind speed (Figure 2b). Stronger simulated cold wakes compared to prescribed cold wakes
likely contributed to weaker TCs in the coupled simulations compared to the uncoupled simulations with pre-
scribed cold wakes.

Katrina intensified in the future regardless of whether atmosphere‐ocean coupling was implemented (Figures 2c
and 2d). However, the future increase in Katrina's intensity was dampened by half in the coupled simulations
compared to the atmosphere‐only simulations, as measured by minimum SLP. Specifically, the multi‐model
ensemble‐mean minimum SLP decreased in the future by 14 hPa (10–17 hPa for the individual model

Figure 2. (a) Scatterplot of minimum sea‐level pressure (SLP) (hPa) for uncoupled versus coupled simulations on the x‐ and
y‐axis, respectively. Circles represent the uncoupled experiment with cold wakes versus the coupled experiment with
temperature and salinity perturbations, diamonds represent the uncoupled experiment with cold wakes versus the coupled
experiment with only temperature perturbations, and squares represent the uncoupled experiment without cold wakes and the
coupled experiment with temperature and salinity perturbations. Each mark represents an ensemble member. Climates
include: Historical (blue) and future perturbed using CESM2 (red), CESM‐HR (magenta), E3SM2 (green), GFDL4 (yellow),
and GISS (violet). Observed peak intensity for Katrina from HURDAT2 represented by the gray circle and dashed lines.
Black diagonal line indicates where uncoupled and coupled values are equal. Same as (a), but for (b) peak 10‐m wind speeds
(kts), (c) the future change in minimum SLP (hPa), and (d) the future change in peak 10‐m wind speeds (kts).
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ensemble‐means), 13 hPa (6–19 hPa), and 7 hPa (6–9 hPa) for the uncoupled experiments without and with cold
wakes and the coupled experiments, respectively (Figure 2c, Table S6 in Supporting Information S1). On the
other hand, there was no systematic influence of atmosphere‐ocean coupling on future changes in Katrina's peak
10‐m wind speed, which increased in the multi‐model ensemble‐mean by 9 kts (5–11 kts), 12 kts (7–19 kts), and
10 kts (5–14 kts), respectively (Figure 2d, Table S7 in Supporting Information S1). This may be related to the
model resolution, which struggled to represent the strongest observed winds. In addition, we note that the future
changes in Katrina's intensity were similar between simulations perturbed with upper‐ocean conditions from
CESM2 compared to CESM‐HR (Table S5 in Supporting Information S1).

Future TC intensity changes were relatively similar between the future coupled experiments with only ocean
temperature perturbed and those with both temperature and salinity perturbed (Figures 2c and 2d). This indicates
that changes in ocean salinity may not play as large of a role as changes in ocean temperature for future TC
changes in the Gulf of Mexico. We note that this likely depends on region, with future salinity changes in areas
prone to barrier layers potentially exhibiting a greater influence on future TC intensity.

3.3. TC Precipitation

We assessed how well the hindcasts simulated Katrina's precipitation relative to NCEP/Environmental Modeling
Center (EMC) 4‐km gridded Stage IV observations (Du, 2011) over land areas impacted by Katrina. Historical
terrestrial precipitation was hindcasted relatively well regardless of whether atmosphere‐ocean coupling was
implemented, with near‐zero bias and a slight negative bias of − 7% and − 8% for uncoupled experiments without
and with cold wakes and the coupled experiments, respectively (figure not shown).

To analyze future changes in precipitation, we used a TC‐following framework centered on the location of
minimum SLP to create precipitation composites over the TC lifetime, as area‐averaged precipitation changes can
be sensitive to future TC track deviations. Despite a tendency for more precipitation in the uncoupled compared to
coupled simulations for a given climate state (Figure 3a), TC‐following precipitation increased in all future
climates with similar percentage increases between the uncoupled and coupled experiments (Figure 3b). In
particular, the multi‐model ensemble‐mean future precipitation increased by 24%, 25%, and 23% in the uncoupled
experiments without and with cold wakes and the coupled experiments, respectively (Figure 3b).

We assessed precipitation scaling (Figure 3c) relative to changes in TC‐following SSTs (Figure 3d) to compare to
the Clausius‐Clapeyron (CC) relationship, which estimates that water vapor increases by ∼7% per 1°C of
warming in a saturated atmosphere (Trenberth et al., 2003). Precipitation scaling for Katrina exceeded CC in all
future climates in all experiments and was greater when accounting for atmosphere‐ocean coupling. Multi‐model
ensemble‐mean precipitation scaling was 16% °C− 1 for both uncoupled experiments without and with cold wakes,
and 19% °C− 1 for the coupled experiments (Figure 3c). Precipitable water scaling with future SST warming was
considerably less than for precipitation (Figure 3c), showing that changes in water vapor alone did not fully
explain the precipitation scaling. This is consistent with both the TC intensity increases (Figure 2) and with Forbis
and Patricola‐DiRosario (2025), who found that future precipitable water scaling was less than TC precipitation
scaling for nine of 10 TC events, and that future increases in ascent helped explain super‐CC precipitation scaling.

3.4. Relationship Between Upper‐Ocean Changes and Future TC Changes

We next investigated the relationships between upper‐ocean conditions, the ocean response to the TC, and TC
intensity to understand how they may play a role in Katrina's future intensity (Figure 4). Upper‐ocean conditions
(prior to responding to the TC) were quantified in two ways: (a) ocean temperature averaged from 5 to 50 m,
which represents upper‐ocean heat content and (b) thermal stratification (from 5 m below sea level to 25 m below
the mixed‐layer depth [MLD]); both measures were calculated at the time of model initialization at Katrina's
position 48 hr after initialization. We assessed the ocean response to TC‐induced ocean mixing by evaluating the
SST cold wake (Figure S1 in Supporting Information S1), calculated as SST at 48 hr after model initialization
minus SST at model initialization averaged over all grid points where SST cooling exceeded − 1°C. We omitted
simulated ocean data where bathymetry was 200 m below sea level or shallower, as the model's maximum depth
of 400 m allowed for unrealistic cooling in shallower waters.

We found that there is a strong relationship between future changes in MLD and cold wake magnitude, with
warmer future cold wakes as future MLD increases (Figure 4a; R2 ≈ 0.54, p < 0.05). The majority of simulations
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Figure 3. (a) Scatterplot of tropical cyclone (TC)‐following storm‐total precipitation (mm) for uncoupled versus coupled (with temperature and salinity perturbations)
simulations. Circles represent uncoupled simulations with cold wakes while squares represent uncoupled simulations without cold wakes. Climates include: Historical
(blue) and future perturbed using CESM2 (red), CESM‐HR (magenta), E3SM2 (green), GFDL4 (yellow), and GISS (violet). The black diagonal line represents where
uncoupled and coupled values are equal. (b) Same as (a), but for future change in precipitation (%) from uncoupled versus coupled simulations. (c) Future precipitation
scaling (blue) and precipitable water scaling (green) with the Clausius‐Clapeyron relationship (7% °C− 1) for reference in red. Light colors indicate the uncoupled
ensemble mean with prescribed cold wakes, dark colors indicate the coupled ensemble mean, and striped colors indicate the uncoupled ensemble mean without
prescribed cold wakes. (d) Same as (c), but for future change in TC‐following sea surface temperatures (°C).
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produced cooler future cold wakes. Figure 4b shows the relationship between future changes in upper‐ocean
thermal stratification and future changes in the SST cold wake. Positive values for changes in stratification
indicate that the upper‐ocean is more stratified in the future than in the historical, which would be expected to
produce more upper‐ocean cooling, and negative values for the future cold wake change indicate a stronger cold
wake in the future. As expected, we found that experiments with decreased thermal stratification in the future
produced weaker cold wakes in the future (R2 ≈ 0.22, p < 0.05), with ocean stratification decreasing in most
future simulations. There is a weak, insignificant relationship between the future change in thermal stratification
and future change in TC intensity as measured by peak winds (Figure 4c) and minimum SLP (not shown), which
might seem surprising. However, thermal stratification was not the only factor that varied between future cli-
mates, indicating that other factors may be dominant. Indeed, we found that experiments with greater 5–50 m
future warming produced TCs with stronger future peak 10‐m winds (R2≈ 0.32, p< 0.05; Figure 4d) although the
relationship with minimum SLP was insignificant (not shown). Finally, we found that experiments with a weaker
(i.e., warmer) future cold wake produced a stronger TC as measured by minimum SLP (R2 ≈ 0.26, p < 0.05;
Figure 4e), with an insignificant relationship with peak wind speed (not shown).

4. Discussion and Conclusions
The purpose of this study was to investigate how TC‐ocean interactions and projected changes in upper‐ocean
temperature and salinity can impact future TC intensity and precipitation projections. We performed
convection‐permitting storyline simulations of Hurricane Katrina using regional atmosphere‐only and
atmosphere‐ocean models, considering four future climates of the mid‐21st century. We found that although TC
intensity and precipitation increased in the future regardless of ocean coupling, ocean coupling dampened the
decrease in minimum SLP by half and slightly increased precipitation scaling with temperature. On the other
hand, future increases in peak 10‐m wind speed and percentage increases in precipitation were relatively
insensitive to whether ocean coupling was implemented, consistent with results from 12‐km simulations (Danso
et al., 2024). Future precipitation scaled at super‐CC rates, regardless of whether atmosphere‐ocean coupling was
implemented. Precipitation scaling for all coupled experiments exceeded that for the uncoupled simulations,
which had slightly warmer TC‐following SSTs due to the lack of the ocean response to the TC. Increases in future
upper‐ocean thermal stratification were associated with stronger cold wakes but poorly explained future changes
in TC intensity. On the other hand, stronger future upper‐ocean warming tended to produce stronger future TC
intensity increases based on peak 10‐m winds. In addition, we found that compared to future changes in upper‐
ocean temperature, changes in salinity contributed little to future changes in Katrina's intensity. We note that near‐
surface ocean freshening has been shown to decrease ocean cooling and increase TC intensity in some regions
(Balaguru et al., 2016, 2020).

This research highlights the importance of accounting for TC‐ocean interactions not only in storyline simulations,
but also in global coupled model simulations. Ocean mixed layer coupling in storyline simulations does not
produce the seasonal‐climate scale SST biases typical of global coupled models (Richter, 2015; Zuidema
et al., 2016) due to the relatively short simulation length. However, these biases remain a challenge for simulating
and projecting TCs in global models (Hsu et al., 2019; H. Huang et al., 2021), highlighting the need to improve
model biases to reduce uncertainty in future TC projections. Furthermore, we note the substantial range in future
upper‐ocean changes in the CMIP6 models, which can also contribute to uncertainty in future TC projections. In
terms of broader impacts, this research reveals that atmosphere‐only models may overestimate future changes in
TC intensity and slightly underestimate precipitation scaling. However, it would be valuable to study more TC
cases in different regions and during different parts of the season, as there may be regional and temporal
sensitivity to the role of TC‐ocean interactions in future projections of TC intensity and precipitation owing to
regional and seasonal differences in both upper‐ocean conditions in the historical climate and their future change.
We note that the methods used here do not address future changes in large‐scale atmospheric circulation, which is
suitable for studying an individual TC, but must be considered in future projections of TC frequency. Additional
promising avenues for future work include investigating the impacts of future TC precipitation increases on TC‐
ocean coupling, as the ocean response to precipitation was not included in this study, and using an ocean model
that can capture all aspects of ocean circulation changes, as the 3DPWP is a simplified model. It is our hope that
this work inspires additional research in this area, which may narrow uncertainty in the magnitude of future TC
intensity and precipitation projections.
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Figure 4. Scatterplots of (a) future change in mixed‐layer depth (MLD) (m) at initialization versus future change in sea
surface temperature (SST) cold wake magnitude (°C), (b) future change in upper‐ocean thermal stratification at initialization
(from 5 m below sea level to 25 m below MLD, °C) versus future change in the SST cold wake (°C), (c) future change in
upper‐ocean thermal stratification versus future change in tropical cyclone (TC) intensity (kts), (d) future change in ocean
temperature (°C) averaged between 5 and 50 m depths at initialization versus future change in TC intensity (kts), and
(e) future change in the SST cold wake versus future change in TC intensity (hPa). Each point represents the difference
between each respective future (with temperature and salinity perturbations) and historical ensemble member.
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• WRF v4.4.1 source code: Skamarock et al. (2021).
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• CESM‐HR model outputs: Chang et al. (2020).
• E3SM2 model outputs: Bader et al. (2022, 2023).
• GFDL4 model outputs: John et al. (2018) and Krasting et al. (2018).
• GISS model outputs: NASA Goddard Institute for Space Studies (NASA/GISS) (2019, 2021).
• CMIP5 model outputs: Canadian Centre for Climate Modeling and Analysis (2014), Meehl (2014a, 2014b),
Jeffrey et al. (2016a, 2016b), LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences (IAP‐
LASG, 2015a, 2015b), Horowitz et al. (2014a, 2014b), Dunne et al. (2014a, 2014b), Jones et al. (2014),
Sanderson et al. (2014), Denvil et al. (2016a, 2016b), Atmosphere and Ocean Research Institute, the Uni-
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• SSP 5‐8.5, SSP 3‐7.0, and RCP 8.5 greenhouse gas concentrations: Meinshausen et al. (2020).
• 4‐km Gridded Data Stage IV Data: Du (2011).
• GODAS reanalysis: Behringer et al. (1998).
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