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Text S1. SST initial conditions

Figure S3 shows the initial condition of the SST from the historical atmosphere-only
experiment (based on CFSR SST), the historical coupled atmosphere-ocean experiment (based
on HYCOM near-surface ocean temperature), and the future coupled atmosphere-ocean
experiments (based on HYCOM plus global model climate change perturbations). The SSTs
throughout the majority of the Gulf of Mexico were comparable between the uncoupled (Fig.
S3a) and coupled (Fig. S3b) historical simulations, as most of the northern Gulf of Mexico had
SSTs of 30°C or greater in both cases. SSTs for CFSR (for the atmosphere-only experiments)
were ~0.2°C cooler than for HYCOM (for the coupled experiments) near Katrina’s location at
initialization (west of southern Florida), while SSTs in the landfall region (southeast Louisiana)
were ~0.8°C cooler than for HYCOM. We note that differences in SST between CFSR and
HYCOM can contribute to differences in the TCs between the uncoupled and coupled
simulations. However, the purpose of the study is primarily to understand how ocean coupling
impacts future changes in TCs, therefore this effect would be relatively minor. All future
climates had warmer SSTs in the Gulf of Mexico, with the warmest for CESM2 and CESM-
HR. The magnitude and spatial pattern of SSTs between E3SM2, GFDL4, and GISS were
comparable to each other, with much of the Gulf reaching SSTs of 31-32°C.

Text S2. Climate change perturbations from global models

We evaluated the range of future upper-ocean temperature changes from several
models that participated in the Coupled Model Intercomparison Project Phase 5 (CMIPS5) and
6 (CMIP6) to place the projections from the models we selected within the context of a larger
set of models. We compared the future upper-ocean temperature change from the five models
we used to perturb the regional model simulations (Table S2) with those from 11 CMIPS
models under RCP8.5 (Table S3). The future changes are area-averaged over the portion of the
Gulf of Mexico that is relatively deep (red box in Fig. 1). The future change in upper-ocean
temperature from the five selected models increased similarly to each other in the mixed-layer,
with warming of 1.4—1.7°C near the surface (Fig. S4). This is largely within the spread (1.1—
2.2°C) in near-surface future warming from the CMIP5 models. At depths of ~200-300 m, the
spread in future change in upper-ocean temperature is substantial (-0.1°C to +3.2°C) and
greater for the selected models compared to the CMIPS5 models (Fig. S4). This comparison
shows that the models we selected represent the spread, or uncertainty, of the future projections
of upper-ocean temperature change well.

We also assessed the future changes in the vertical structure of upper-ocean
temperatures changes over the Gulf of Mexico from the global models used to perturb the
coupled regional model experiments. The vertical structure in upper-ocean temperature
perturbations revealed different patterns of thermal stratification (Fig. 1¢); CESM2 represented
decreased future thermal stratification as the temperature perturbation increased with depth,
while E3SM2 represented increased thermal stratification as the temperature perturbation
decreased with depth. GFDL represented an ocean where the upper 100 m of ocean had
enhanced thermal stratification, while thermal stratification decreased below 100 m. GISS’s
future ocean temperature perturbations were constant in depth, with little change in thermal
stratification above 200 m depth. Future ocean temperature perturbations projected by CESM-
HR were similar to those from CESM2, as thermal stratification decreased in the upper 200 m,
though to a lesser extent in the 50—100 m layer than for CESM2. Overall projected ocean
warming, however, was considerably less for CESM-HR than for CESM2, especially at depths
0f 200400 m. Given that CESM-HR has an ocean model resolution of 0.1°, CESM-HR likely
resolved processes and features that were unable to be resolved at CESM2’s grid spacing,
potentially explaining some of the differences between their future perturbations.



Future changes in upper-ocean ocean salinity were relatively weak across the models,
with increases of no more than 0.8 g kg™! and decreases of no greater than 0.1 g kg™ (Fig. 1d).
Experiments that tested the influence of future changes in salinity revealed that Katrina’s future
intensity was relatively insensitive to such small salinity changes, with no consistent influence
on TC intensity across the future climates. Given the minimal changes in salinity from both the
global model perturbations applied to the regional model and from Katrina’s passage, together
with Katrina’s relative insensitivity to them, we did not include further analyses for the
experiments with future perturbations in salinity only.

Text S3. Upper-ocean temperature biases in the CMIP models

We calculated the upper-ocean temperature bias for August 1980-2010 from the five
selected global models to understand how biases could affect future climate projections. We
used the 1.0°x0.33° resolution National Centers for Environmental Prediction Global Ocean
Data Assimilation System (NCEP GODAS) reanalysis (Behringer et al. 1998), as the HY COM
dataset was too large for practical climatological bias analyses. The upper-ocean temperature
biases in the four selected CMIP6 models and CESM-HR exhibited considerable variability
primarily in the upper 150 m of ocean (Fig. S5a). CESM2 and CESM-HR have the least bias
compared to GODAS, with warm biases less than +2°C in much of the upper-ocean (Fig. S5b).
The 75-250 m ocean temperatures for GFDL4 were considerably warmer than for CESM2 and
CESM-HR, with a warm bias exceeding +3°C between 125—175 m. In contrast, E3SM2 was
cooler than GODAS in the upper 150 m of ocean, with a peak cold bias exceeding -2°C. GISS
was biased cold by at least -1°C compared to GODAS from the surface to 400 m.

These biases may have impacted the future projections of upper-ocean temperatures in
the global models. The cold biases in the upper-ocean of the Gulf of Mexico in both E3SM2
and GISS may suggest that the upper ocean’s average temperatures in a future climate are also
cooler than the average CMIP6 model, while CESM-HR and GFDL4 suggest that they may be
warmer. As the historical component of the global models was used to calculate the climate
change perturbation for ocean temperature in the regional model, these biases were subtracted
out when applied to the initial and lateral boundary conditions of the WRF-3DPWP model.
However, if the biases change from the historical to the future climate, which is unknown, then
any such biases would have been carried over into the WRF-3DPWP initial and boundary
conditions.



Table S1. List of parameterizations used in the atmospheric regional model.

Planetary boundary layer Yonsei University (YSU) Hong et al. 2006
Microphysics Purdue-Lin Chen and Sun 2002
Land-surface model Noah Land-Surface Model Chen and Dudhia 2001

Shortwave and longwave Rapid Radiative Transfer Model | Iacono et al. 2008
radiation

Table S2. List of experiments conducted, including whether the experiment included
atmosphere-ocean coupling, the climate(s), global models used for climate change
perturbations, and which ocean initial conditions were perturbed. Blue and red rows denote
experiments in the historical and future climate, respectively.

Experiment Atmosphere- Climate | Global Ocean
Ocean Coupling Models Perturbations
Used
historical, atmosphere- No Historical | n/a n/a
only, with cold wake
future, atmosphere-only, No SSP585 CESM2 SSTs
with cold wake SSP370 E3SM2
GFDL4
GISS
historical, atmosphere- No Historical | n/a n/a
only, without cold wake
future, atmosphere-only, No SSP585 CESM2 SSTs
without cold wake SSP370 E3SM2
GFDL4
GISS
historical, atmosphere- Yes Historical | n/a n/a
ocean
future, atmosphere-ocean, | Yes SSP585 CESM2 Temperature
temperature and salinity SSP370 E3SM2 and salinity
perturbed RCPS8.5 GFDL4
GISS
CESM-HR
future, atmosphere-ocean, | Yes SSP585 CESM2 Temperature
temperature perturbed SSP370 E3SM2
GFDL4
GISS




Table S3. List of global models used for pseudo-global warming regional model experiments,
with horizontal resolution, number of ocean levels from surface to ~400 m, greenhouse gas
emissions scenario used, and equilibrium climate sensitivity. Equilibrium climate sensitivities
are from Gettelman et al. (2019), Golaz et al. (2022), Dunne et al. (2020), and Rind et al.
(2020).
Global Resolution Number of Ocean | Emissions Equilibrium
Model Levels Down to Scenario Climate
~400 m Sensitivity (K)

E3SM2 1°x1° 31 SSP3-7.0 4.0
GFDL4 1°x1.25° 13 SSP5-8.5 27-34

Table S4. List of CMIP5 global models used for comparison with the five global models
selected to provide climate change perturbations for the regional model simulations, with
horizontal resolution, number of ocean levels from surface to ~400 m, and reference.
CMIPS5 Model Resolution | Number of Reference
Ocean Levels
Down to ~400 m

MIROCS5-r1 1.68° x 0.42° | 21 Atmosphere and Ocean Research
Institute, the University of Tokyo
AORI) et al. (2015a, b




Table S5. The ensemble-mean minimum SLP (hPa) and peak 10-m wind speed (kts) from the
historical and future atmosphere-only experiments without and with a cold wake and the
atmosphere-ocean experiments with future temperature and salinity perturbations. TC intensity
was primarily assessed using minimum SLP as peak 10-m winds were reduced due to using a
4-km model resolution instead of a grid size of 3 km or finer, while ensemble-wide winds also
fluctuated more than minimum SLP due to parameterizations used.

Experiment Minimum SLP Peak 10-m wind
(hPa) (kts)
Historical, atmosphere-only, without cold wake | 920 124
CESM2, atmosphere-only, without cold wake 908 133
E3SM2, atmosphere-only, without cold wake 905 135
GFDLA4, atmosphere-only, without cold wake 903 134
GISS, atmosphere-only, without cold wake 910 129
Historical, atmosphere-only, with cold wake 923 122
CESM2, atmosphere-only, with cold wake 917 129
E3SM2, atmosphere-only, with cold wake 905 141
GFDLA4, atmosphere-only, with cold wake 909 133
GISS, atmosphere-only, with cold wake 910 134
Historical, atmosphere-ocean 933 111
CESM2, atmosphere-ocean 927 125
CESM-HR, atmosphere-ocean 927 120
E3SM2, atmosphere-ocean 926 124
GFDLA4, atmosphere-ocean 927 116
GISS, atmosphere-ocean 924 119

Table S6. The ensemble-mean future change in minimum SLP (hPa) from the atmosphere-
only experiments without and with a cold wake and the atmosphere-ocean experiments with

future temperature and salinity perturbations.

Experiment CESM2 | E3SM2 | GFDL4 | GISS | multi-model
Atmo-only, without cold wake | -12 -15 -17 -10 -14
Atmo-only, with cold wake -6 -19 -14 -13 -13
Atmo-ocean -6 -8 -7 -9 -7

Table S7. Similar to Table S6, but for peak 10-m wind speed (kts).
Experiment CESM2 | E3SM2 | GFDL4 | GISS | multi-model
Atmo-only, without cold wake | 9 11 11 5 9
Atmo-only, with cold wake 7 19 11 12 12
Atmo-ocean 14 13 5 8 10
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Figure S1. SST cold wake as represented by the 5 m ocean temperature (C°) at hour 60 minus
initialization in the coupled simulations of the following climates: (a) Historical and future
perturbed using (b) CESM2, (c) CESM-HR, (d) E3SM2, (e¢) GFDL4, and (f) GISS. Violet lines
represent ensemble-mean TC track from initialization to 60 hours after initialization. Grid-
points where bathymetry is shallower than 200 meters below sea level have been omitted.
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Figure S2. SST cold wake (°C) in the NCEP CFSR (a) 12 hours, (b) 24 hours, (c) 36 hours,
(d) 48 hours, (e) 60 hours, and (f) 72 hours after initialization (2005-08-27 0600 UTC), which
was prescribed in the atmosphere-only simulations with the prescribed cold wake.
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Figure S3. Initial condition for SSTs and 5-m ocean temperatures (°C) for the following: (a)
HIST A based on CFSR, (b) HIST AO based on HYCOM, and the FUT AO_TS experiments
using climate change perturbations from (c) CESM2, (d) E3SM2, (e) GFDLA4, (f) GISS, and

(g) CESM-HR.
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Figure S4. The future change (August 2040-2060 minus August 1990-2010) in upper-ocean
temperature (°C) averaged over the Gulf of Mexico (red box in Fig. 1) from CMIP6 models
(solid lines) including CESM2 (red), E3SM2 (green), GFDL4 (yellow), and GISS (violet), and
CMIP5 models (dashed lines) including CESM-HR (magenta).



A. Gulf of Mexico August Climatologies B. Gulf of Mexico Historical Biases
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Figure S5. (a) Historical climatology (August 1980-2010) of upper-ocean temperature (°C)
for Gulf of Mexico region where climate change perturbations were calculated (red box in Fig.
1). Global models include: CESM2 (red), E3SM2 (green), GFDL4 (yellow), GISS (violet), and
CESM-HR (magenta). Black line indicates observed climatology based on GODAS reanalysis.

(b) Same as (a), but for upper-ocean temperature biases (°C) between the GODAS reanalysis
and the historical climate of each global model.
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Figure S6. (a) Ensemble-mean TC tracks for Hurricane Katrina in the uncoupled atmosphere-
only simulations with prescribed cold wakes (solid, light lines), the coupled atmosphere-ocean
simulations (light, long dashed lines), and the uncoupled simulations with no prescribed cold
wakes (dark, short dashed lines) from the following climates: Historical (blue) and future
perturbed using CESM2 (red), CESM-HR (magenta), E3SM2 (green), GFDL4 (yellow), GISS
(violet). The black line represents the observed TC track from HURDAT?2. TC tracks for all
ensembles of the (b) uncoupled simulations with prescribed cold wakes, (c) coupled
simulations, and (d) uncoupled simulations with no prescribed cold wakes.
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