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Abstract Global mean and extreme tropical cyclone (TC) precipitation have been increasing over the past
few decades and are expected to continue to increase into the future due to climate change. Most projections of
future TC precipitation use climate models with grid spacings of 25-100 km, which are too coarse to resolve the
convective structures and small-scale precipitation processes within TCs. This work uses convection-permitting
Weather Research and Forecasting model simulations to investigate how precipitation and precipitation
processes change in the inner core (IC) and outer rainbands (OR) of TCs in response to sea surface temperature
(SST) warming. The simulations are idealized, with single TCs initialized from weak vortices over domain-
constant SSTs. In these simulations, TC intensity and IC precipitation greatly increase with SST warming while
OR precipitation increases slightly. A greater area in the IC is occupied by deep convection more frequently in
the warmer simulations, while the deep convective activity remains relatively constant with warming in the TC
OR. Mixing ratios of hydrometeors and cloud ice increase with warming in both the IC and OR, while the TCs'
vertical circulations deepen, melting levels rise, and mean upward velocities strengthen. This work
demonstrates how analysis of three-dimensional storm structures can provide insight into processes that change
TC precipitation in different regions of the storm, and future work will include applying this analysis to more
realistic convection-permitting simulations.

Plain Language Summary Tropical cyclones (TCs) produce large amounts of rainfall that can cause
dangerous hazards when these storms make landfall, such as flash flooding and landslides. Rainfall in TCs has
increased since 1998 according to data from satellites and is expected to increase in the future based on climate
models. However, much of the information about future TC rainfall changes comes from climate models with
relatively coarse grid spacings compared to the sizes of TCs. This study conducted simplified simulations of
TCs using a model with much smaller spacing between grid points (i.e., high-resolution) that is able to simulate
complex small-scale processes within the storms that global climate models can not. Different model
simulations with warmer or cooler atmospheres and SSTs were compared. With warmer temperatures, the high-
resolution simulations resulted in similar large increases in TC inner region (near the eyewall) rainfall as found
in low-resolution climate models. Changes in rainfall in the outer rainbands with warming were smaller.

1. Introduction

Tropical cyclone (TC) precipitation rates are expected to increase due to anthropogenic climate change (Knutson
et al., 2020), worsening the hazards associated with TC landfalls (Gori et al., 2022). Attribution studies have
concluded that anthropogenic climate change has already increased precipitation from selected individual TCs
(e.g., Patricola & Wehner, 2018; Reed et al., 2020, 2021; Risser & Wehner, 2017) and for the entire 2020 North
Atlantic hurricane season (Reed et al., 2022). Observational precipitation products show an increase in global
mean TC precipitation rates over the past few decades (Guzman & Jiang, 2021; Shearer et al., 2022). While many
previous studies demonstrate that TC precipitation should continue increasing in the future due to climate change,
less work has been done looking into the convective-scale mechanisms and processes within the TCs causing
these projected increases. Most climate change projections use models with grid spacings ranging from 18 to
100 km, which are too coarse to resolve TC convective structures (Knutson et al., 2015, 2020; Liu et al., 2018;
Stansfield, Reed, & Zarzycki, 2020; Wright et al., 2015).

Model simulations at fine enough grid spacing to switch off convective parameterizations (i.e., grid spacing
around or less than 4 km) are required to study the details of TC structure. Previous research using this type of
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model has focused on TC genesis and intensification processes (Davis, 2015; Ramsay et al., 2020; Wing
et al., 2016), rainband formation (Moon & Nolan, 2015; Wang, 2009), and storm size (Hill & Lackmann, 2009;
Martinez et al., 2020). Recently, Xi et al. (2023) studied the relationship between TC intensity and precipitation in
idealized Weather Research and Forecasting (WRF) simulations with 3 km grid spacing and different domain-
constant sea surface temperatures (SSTs). They found that TC inner core (IC) precipitation is highly corre-
lated with TC intensity and increases at about 9% per K increase in SST, while outer rainband precipitation is only
correlated with intensity for intensifying storms or those staying at constant intensity. Multiple modeling and
observational studies have documented the relationship between SSTs, TC intensity, and TC precipitation (Kim
et al., 2021; Lavender & McBride, 2021; Rios Gaona et al., 2018; Stansfield & Reed, 2023). Two recent studies
found that the response of TC precipitation to climate warming is mostly controlled by the increase in atmospheric
moisture, not increases in TC intensity (Kim et al., 2022; Stansfield & Reed, 2021).

The ICs and outer rainbands (OR) of TCs have different properties and characteristics. The TC IC contains the
eyewall, a quasi-circular region of intense upward vertical velocities and often the highest precipitation rates, and
inner rainbands. Inner rainbands typically consist of stronger convective cells on the upwind side and more
stratiform regions on the downwind side (Hence & Houze, 2008). The vertical extent of the rainband deep
convection does not reach as high in the troposphere as the eyewall convection (Hence & Houze, 2012). Studies of
inner rainbands often split them up into principal, stationary rainbands and secondary rainbands that are more
transient, but for our purposes, we will analyze them all together because they have similar convective structures
and are both part of the IC of the storm (Houze, 2010). As the inner rainbands spiral out from the TC center, they
tend to be made up of higher percentages of convective regions as distance from the center increases (Hence &
Houze, 2012). Outer rainbands are further away from the intense storm eyewall and are more influenced by the
large-scale environment. The outer storm environment contains higher Convective Available Potential Energy
(CAPE) than the IC, and the OR are more like non-TC buoyant tropical deep convection (Houze, 2010). Outer
rainbands tend to consist of distinct, isolated cores of deep convection with less stratiform regions than the IC
(Hence & Houze, 2012). See Figure 30 in Houze (2010) for a schematic of a top-down view of reflectivity
structures in a TC eyewall and inner and OR.

The formation and maintenance of TC OR can impact the storm's intensity and IC precipitation. Using idealized
model simulations, Hill and Lackmann (2009) found that more moist environments favored larger TCs with more
precipitation in the OR. Despite the increase in precipitation in the ORs, their simulations with more moisture in
the environment did not have heavier precipitation in the eyewall. Wang (2009) and Li and Wang (2012) found
that more active OR limited the intensity of TCs in their simulations, which could impact the precipitation rates in
the IC. Observational studies suggest that OR can intercept some of the warm, moist air flowing radially inward
toward the IC and replace it with cooler, drier air from downdrafts, thus limiting precipitation in the IC (Barnes
et al., 1983; Cione et al., 2000). Stovern and Ritchie (2016) examined the response of TC precipitation and
convection to various initial atmospheric temperature profiles while keeping the relative humidity profile and SST
the same. They found that the simulation with the coolest temperature profile developed more outer rainband
activity due to higher initial surface fluxes into the atmosphere. While the CAPE and specific humidity profiles
were initially less conducive for convection than the simulations with the warmer temperature profiles, the initial
strong surface fluxes developed a broader area of radial inflow that provided surface convergence to initiate
convection further away from the TC center. The warmest simulation had the highest precipitation rates in the TC
IC, and the coolest simulation had a more expansive precipitation field with less intense precipitation in the IC.
This study shows that while a warmer atmosphere may be more moist and have initially higher CAPE, a lifting
mechanism in the TC outer region is needed to generate OR, which is consistent with Li and Wang (2012).

While significant progress has been made toward understanding the formation and structure of the TC IC and OR,
not many studies have focused on the partitioning of precipitation between these two regions and how that
partitioning is impacted by TC characteristics such as intensity, size, and translation speed or by climate change.
Shifts in the location within a TC that the heaviest precipitation accumulations occur could impact how fore-
casters, emergency managers, and the public prepare for future TC landfalls. The objectives of this paper are to (a)
document how TC precipitation in the IC and OR in convection-permitting idealized model simulations respond
to SST warming and (b) understand how changes in three-dimensional convective structures and microphysical
properties within TCs contribute to these precipitation changes. The paper is organized into a Methods section
that explains the model set up and analysis methods, a Results section that presents our main findings, and a
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Conclusions section that summarizes the key results, discusses implications of the work, and suggests directions
for future work.

2. Methods
2.1. Model Simulations

The Advanced Research WRF model, version 4.1.3 (Skamarock et al., 2019), is used to run the simulations for
this study. The simulations are modified from the TC idealized test case (em_tropical_cyclone), which has doubly
periodic boundaries in both the x and y dimensions and constant Coriolis forcing (i.e., an “‘f~-plane”) equivalent to f
at 20°N. The WREF set-up has an outer domain with 15 km grid spacing that spans 6,000 km in the x and y di-
mensions, a middle nest with 5 km grid spacing that spans 2,000 km in the x and y dimensions, and an inner nest
with 1.67 km grid spacing that spans about 850 km in the x and y dimensions. Only output from the inner nest is
analyzed. Fierro et al. (2009) noted large improvements in the kinematic and microphysical structures of Hur-
ricane Rita (2005) when moving from 5 to 1 km grid spacing in an older version of WRF. The inner two nests are
vortex-following. There are 60 model levels in the vertical dimension, and the model top goes up to 25 km. We
use the following physics parameterization schemes: Thompson aerosol-aware microphysics (Thompson &
Eidhammer, 2014), MYNN2 planetary boundary layer (Nakanishi & Niino, 2006), Rapid Radiative Transfer
Model for GCMs for longwave and shortwave radiation (Iacono et al., 2008), and revised MMS5 surface layer
(Jiménez et al., 2012). There is no land surface scheme since these simulations contain no land. The lower
boundary of the model simulations is an ocean surface with a specified SST that is constant over the entire domain
and remains the same throughout the integration of the simulations. The cumulus parameterization scheme is
turned off for the inner nest and is set to the New Tiedtke scheme (Zhang & Wang, 2017) in the middle and outer
domains. Additionally, modified surface bulk drag and enthalpy coefficients, calculated using the Garratt
formulation, that are recommended based on recent TC research are used (isftcflx = 2 in the WRF namelist).
Vertical velocity damping is turned on to maintain numerical stability (w_damping = 1 in the namelist), using the
default vertical range for damping of 5 km from the model top.

A previous study involving idealized TC modeling found that TCs that do not move around during a simulation do
not experience asymmetrical frictional convergence associated with the low-level environmental flow and
therefore tend to lack convection in the TC outer region compared to observed TCs (Martinez et al., 2020).
Following the lead of Martinez et al. (2020) and Nolan (2011), we add a uniform horizontal background wind of
3 m/s throughout the troposphere in the x dimension in our simulations to prevent the TCs from remaining in one
spot in the middle of the WRF domains. This is done through a method known as “point-downscaling” by adding
an extra term to the meridional momentum equation that accounts for the pressure force needed to balance the
wind shear if a temperature gradient did exist (Nolan, 2011; Onderlinde & Nolan, 2017). This allows a back-
ground wind to exist without a surface temperature gradient and is implemented through the “pert_coriolis”
option in the WRF namelist. All of the WRF settings and schemes are chosen based on recommendations for TC
simulations from the WRF manual, previous research results (e.g., Brown et al., 2016), and advice from re-
searchers who have previous experience with TC modeling in WRF. The simulations are run for 8 days total, and
output in the inner domain is saved at 15 min intervals. The first 24 hr of the simulations are not analyzed to allow
for spin-up of the TCs. The only difference between the four simulations are the SSTs, which are set to 298, 300,
302, and 304 K in the four different simulations.

To calculate vertical profiles of temperature and moisture to initialize the WRF TC simulations, 100 day radiative
convective equilibrium (RCE) simulations are run on small doubly periodic domains (101 by 101 gridpoints with
3 km grid spacing). The same physics parameterization schemes used for the inner nest of the full TC simulations
are also used for the RCE simulations. The simulations have 40 vertical levels and extend up to 25 km in height.
There is a small Coriolis force equal to 2.5 x10™> s™', and random low-level temperature perturbations are added
to initiate convection. Four of these RCE simulations are run with domain and time constant SSTs of 298, 300,
302, and 304 K. The domain-mean potential temperature and specific humidity profiles from the last 30 days of
the simulations (Figure 1) are used as the initial profiles for the TC simulations. These vertical profiles are
qualitatively similar to the default sounding used in the idealized TC test case (Jordan, 1958), shown as the black
dashed line in Figure 1. Similar methods have been used to create initialization profiles for idealized TCs in
previous studies (Ramsay et al., 2020; Xi et al., 2023). All TC simulations are initialized with the same weak,
axisymmetic vortex based on Rotunno and Emanuel (1987) with the default settings in the WRF TC test case. To
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Figure 1. Vertical profiles of (a) potential temperature [K] and (b) specific humidity [g/kg] for the (black dashed line) default
input sounding for the idealized Weather Research and Forecasting tropical cyclone test case that is derived from
observations (Jordan, 1958) and domain mean of the last 30 days of radiative convective equilibrium simulations with SSTs
of (yellow) 298 (orange) 300 (red) 302, and (dark red) 304 K.

test the robustness of our results, we created a few ensembles of the 300 K simulation by adding small random
perturbations to the initial specific humidity field in the boundary layer, following Martinez et al. (2020). These
ensemble simulations are discussed in the Supplemental Material (Text S1 in Supporting Information S1), but
ultimately the results suggest that our main conclusions about changes in the TC precipitation with SST warming
are not highly sensitive to small perturbations in the initial conditions of the simulations.

2.2. TC Size Calculations and Storm Mode Classification Algorithm

To demonstrate that the TCs in our simulations look realistic, Figures 2a—2d shows simulated reflectivity at a
height of 2 km 48 hr after model initialization. All four TCs have reasonable reflectivity patterns, including small
areas of very high reflectivity near the storm center and rainbands spiraling out from the center. Before analyzing
changes in TC precipitation with SST warming between the outer region and IC of the storm, the boundaries
between these regions must be defined. Previous studies tend to either define the IC radius using the radius of
maximum wind speed (Wang, 2009), the radius of maximum precipitation (Guzman & Jiang, 2021), or a fixed
threshold of around 100 km (Wei et al., 2022). We wanted to use a dynamic threshold, since TC size can vary over
time and by storm, so this study's definition of the radius of the TC IC is two times the radius of the maximum
azimuthal wind speed. As an example, this radius is plotted as the magenta circle in Figure 2. All points from this
radius to the center of the storm are considered the IC of the storm. We tried to define the IC radius using the
azimuthal mean profile of precipitation, but because of the high resolution of these simulations, the profiles were
noisy and therefore the radius of the maximum precipitation changed very frequently. The radius of the maximum
azimuthal wind speed was more stable over time. The outer radius of the TC is defined as the radius of the 8 m/s
azimuthal mean wind speed, which is another radius commonly used to define the outer size of a TC (Chavas
et al., 2017; Schenkel et al., 2017; Stansfield, Reed, Zarzycki, Ullrich, & Chavas, 2020). As an example, this
radius is plotted as the black circle in Figure 2. All points between the IC radius and this radius are considered the
outer region of the storm. The radii are recalculated at every output timestep since the storms' sizes change over
time. A sensitivity test to the definitions of the TC IC and outer region radii thresholds is presented in the
Supplemental Material in Text S2 in Supporting Information S1.
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Figure 2. Snapshots of (a)-(d) 2 km simulated reflectivity [dBZ] (e)-(h) convective and stratiform precipitation classifications, and (i-1) Storm Mode classifications at
48 hr after model initialization with domain-constant SSTs of (a,e,f) 298 (b,f,j) 300 (c,g,k) 302, and (d,h,l) 304 K. The magenta circle in each panel indicates two times
the radius of maximum wind, defining the outer radius of the inner core, and the black circle indicates the radius of the 8 m/s azimuthal wind speed, defining the outer
radius of the outer region of the storm. Explanations for the storm mode abbreviations can be found in Section 2.2.

Figures 2e—2h shows the breakdown of the precipitation into stratiform and convective types 48 hr after model
initialization. Areas of reflectivity output are classified based on the magnitudes, heights, and widths of the
values, using methodology and parameter values from Steiner et al. (1995). The TC precipitation classifications
look as expected based on previous work, with convective areas surrounding the centers of the TCs (i.e., the
eyewalls), stratiform areas wrapping around the eyewalls, and relatively small convective cores surrounded by
stratiform areas in the outer regions (Hence & Houze, 2012; Houze, 2010). Figures 2i-21 shows the TCs at the
same snapshot in time but classified into different storm modes. Houze et al. (2007) first defined the storm mode
categories to study the storm climatology in the Indian subcontinent using the first spaceborne precipitation radar
on the Tropical Rainfall Measuring Mission (TRMM) satellite. The storm mode categories have since been
developed further and are defined as: (a) deep convective cores (DCCs)—30 dBZ echo volumes >8 km in
altitude; (b) wide convective cores (WCCs)—30 dBZ echo volumes >800 km? in horizontal area; (c) deep and
wide convective cores (DWCCs)—storms that satisfy both the DCC and WCC criteria; (d) ordinary convective
cores (OCCs) - 30 dBZ echo volumes that meet neither the deep or wide thresholds (likely convection during
intensifying or decaying stages); and (e) broad stratiform regions (BSRs)—contiguous stratiform rain area >
40,000 km? in horizontal area (H. Yu, 2022). Numerous studies have used these storm modes to investigate the
nature of extreme storms around the world (Houze et al., 2015; K. L. Rasmussen & Houze, 2011; K. L. Ras-
mussen & Houze, 2016), but to the authors' knowledge, this study is the first to apply this classification to TCs.
One small modification made to the classification algorithm was defining the minimum area of BSRs as >
30,000 km? instead of the original value of >40,000 km?, which is defined as a moderate threshold in Houze
et al. (2015).
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Figure 3. Time series of (a) tropical cyclone (TC) intensity in m/s, measured by the maximum 10 m azimuthal-mean wind speed, (b) mean precipitation in mm/hr in the
TC inner core, and (c) mean precipitation in mm/hr in the TC outer rainbands in the 298, 300, 302, and 304 K simulations. The x-axis shows the hours after model
initialization. For plotting purposes, all time series are smoothed using a 12 hr low-pass Lanczos filter.

3. Results
3.1. TC Intensity and Precipitation Response to Warming

To begin, the simulated TC intensities and precipitation in the ICs and OR are compared. Tropical cyclone in-
tensity at each timestep is calculated as the maximum azimuthal-mean 10 m wind speed. Both the time mean and
lifetime maximum TC intensities increase with warming SSTs (Figure 3a). The lifetime maximum TC intensities
are 41.2,57.8, 69.1, and 83.1 m/s for the 298, 300, 302, and 304 K simulations, respectively. Note that the values
of TC intensity in Figure 3a do not reach these values because the time series are smoothed using a 12 hr low-pass
Lanczos filter to minimize high-frequency variability for easier visual interpretation of the plots. Higher in-
tensities with warmer SSTs are consistent with theoretical expectations of the relationship between SST and TC
intensity (Emanuel, 1999) and with previous studies of TCs in idealized simulations (Xi et al., 2023). The time
and spatial mean potential intensity (Emanuel, 1999; Gilford, 2020) increases from 67.8 m/s in the 298 K
simulation to 79.5 m/s in the 304 K simulation. We note here that the TC intensity changes with SST in these
simulations are much larger than observed TC intensity changes since the beginning of the satellite record (Kossin
etal., 2013; Sobel et al., 2016). This is partially because TCs in these WRF simulations are in ideal conditions for
TCs (e.g., warm constant SSTs, low vertical wind shear) and partially because of the large range of SSTs in our
simulations (298-304 K). The range of SSTs in our simulations is much larger than the observed global mean SST
changes in the historical record (Xu et al., 2021). We chose to use this large SST range to maximize the chance of
having large differences in the TC properties, which facilitates analysis of the processes causing these differences.
Because of the significant SST and TC intensity increases in these simulations, they create signals in TC pre-
cipitation that are much larger than what we can expect to see in the real world as global SSTs warm, at least on the
timescales of decades to centuries.

The IC precipitation increases with warming SST (Figure 3b and Table 1). Mean OR precipitation increases with
warmer SST when comparing the 298, 300, and 302 K simulations but not between the 302 and 304 K simulations
(Figure 3c and Table 1). The OR precipitation does not increase as much as the IC precipitation. The mean percent
increase of the mean IC precipitation is 35.1% per K compared to 5.5% per K for the mean OR precipitation. The
mean precipitable water in the IC and OR also increase with SST at about 8.9% per K and 9.4% per K, respectively
(Table 1). The IC precipitation increases more quickly with warmer SSTs than IC precipitable water. This could
be caused by a few different changes in the IC, such as stronger dynamical forcing (i.e., stronger upward motion
shown in Table 1), increased precipitation efficiency (PE), or both. To examine another metric of TC precipi-
tation, we summed all precipitation in the TC IC and OR at each timestep, calculated the time mean of this
accumulated precipitation over Days 2-7 of each simulation, and then multiplied by the number of hours to
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r;;:v:)ele]\/}ean Statistics for the Tropical Cyclone Inner Cores and Outer Rainbands

298 K 300 K 302 K 304 K
IC Mean Precipitation [mm hr ! 8.5 16.9%* 25.7* 41.2%
OR Mean Precipitation [mm hr ! 2.2 2.6* 3.0% 3.0
IC Accumulated Precipitation [mm] 1.1 x 107 1.4 x 107* 1.5 x 107 1.7 x 107
OR Accumulated Precipitation [mm)] 1.5 % 107 1.3 %107 1.6 x 107* 1.7 x 107
IC Mean Precipitable Water [kg m™] 46.8 53.5% 63.5% 76.3%
OR Mean Precipitable Water [kg m™2] 40.1 46.8* 55.1% 67.1%
IC Mean Upward Vertical Velocity [m s™'] 0.55 0.80* 1.08* 1.57*
OR Mean Upward Vertical Velocity [m s™'] 0.22 0.24* 0.27* 0.32%
IC Max. Vertical Velocity [m s 174 16.6 17.7* 17.6
OR Max. Vertical Velocity [m s™'] 21.6 23.8% 25.4% 27.8%
IC Mean Melting Level [km] 4.1 4.6% 5.3% 6.0%
OR Mean Melting Level [km] 3.7 4.1% 4.7* 5.3*%
Mean Cloud Base Height [km] 24 2.3% 2.1% 1.8*
IC Radius [km] 91.9 73.5% 61.9% 52.4%
OR Radius [km] 341.5 353.1 362.1 360.4

Note. All time means are calculated over Days 2—7 of the simulations. Asterisks next to the 300, 302, and 304 K values
indicate that the null hypothesis is rejected at the 1% level using a Mann-Whitney U test with an alternative hypothesis that the
distribution from the warmer simulation is greater than the distribution from the 2 K cooler simulation, except for cloud base
height and IC radius where the alternative is that the warmer simulation distribution is lower.

convert to units of mm. The accumulated precipitation increases in these simulations in the TC IC with warmer
SST and also increases in the OR, except when comparing the 300 K simulation to the 298 K simulation (Table 1).
Asterisks in Table 1 indicate when the distribution of that variable is statistically significantly greater at the 1%
level than the distribution from the simulation that is 2 K cooler, tested using a Mann-Whitney U test. Given the
observed relationship between surface equivalent potential temperature and extreme precipitation in the tropics
(Song et al., 2022), the time mean equivalent potential temperature at 2 m above the surface within the TC area
was calculated for each simulation. The equivalent potential temperature increases monotonically from 341.9 K in
the 298 K simulation to 372.7 K in the 304 K simulation, with a mean increase of about 5 K per 1 K increase in
SST, which is larger than the increase in mean 2 m air temperature of about 1 K per 1 K increase in SST (not
shown). The mean TC IC precipitation is highly correlated with the mean equivalent potential temperature at each
timestep (Spearman's Rank correlation coefficient of 0.87).

In concert with intensification of the maximum azimuthal-mean wind speed of a TC (a measure of its primary
circulation), the secondary “in-up-out” circulation also intensifies. This is shown in Figure 4, which shows time
and azimuthal mean vertical velocities in the shaded contours and radial velocities in the line contours for each
simulation. All of the panels show the strongest upward motion in the eyewall of the TCs, about 20-70 km from
the storm center. Outside of the eyewall, there is very weak vertical motion, with some subsidence. There is flow
into the center of the TCs near the surface up to about 2 km in height, and in the upper levels around 10-15 km,
there is flow away from the storm center. All of these features are expected based on observations and our
theoretical understanding of the TC circulation (Emanuel, 1991). As SST increases, the mean upward vertical
velocities in the IC and OR increase (Table 1), and the radial inflow and outflow increase in magnitude as well
(Figure 4). The outflow also appears to move higher with SST warming, suggesting a vertical deepening of the TC
circulation. This will be discussed more in Section 3.3.

Stronger upward motion in saturated environments typically leads to higher precipitation rates (Doswell
etal., 1996). Figure S3 in Supporting Information S1 shows a time series of maximum precipitation rates in the IC
and OR. Similar to mean precipitation, maximum precipitation increases markedly in the IC but does not show a
large change in the OR. However, the magnitudes of maximum precipitation in the IC and OR are fairly similar,
suggesting that both the IC and OR contain strong updrafts and convective precipitation processes. Table 1 shows
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Figure 4. Time mean and azimuthal mean vertical profiles of vertical wind speed in m/s (shading) and radial wind speed in m/s (white line contours) for the (a) 298,
(b) 300, (c) 302, and (d) 304 K simulations. Solid line contours indicate motion toward the center of the tropical cyclone (TC) while dashed contours indicate motion
away from the center. The line contours shown are —10, =5, —2.5, 2.5, 5, and 10 m/s. The y axis shows height in km above the surface, and the x axis shows the distance
from the TC center in km.
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Figure 5. Time series of mean precipitation in mm/hr in the tropical cyclone (a) inner core and (b) outer rainbands from convective (solid lines) and stratiform (dashed
lines) regions in the 298, 300, 302, and 304 K simulations. The x-axis shows the hours after model initialization. For plotting purposes, the time series are smoothed

using a 12 hr low-pass Lanczos filter.

the time mean maximum vertical velocity in the TC IC and OR. The maximum vertical velocity increases steadily
with warmer SST in the OR, while for the TC IC, there is not a monotonic trend as SST increases. It has been
suggested in previous studies that convection in the OR is more “traditionally convective” and related to CAPE
(Houze, 2010) but that convection in the IC is driven more by the TC circulation itself and is not strongly related
to CAPE/buoyancy (Smith & Montgomery, 2022). CAPE increases with warmer SSTs in our simulations (not
shown), which explains why the maximum vertical velocity in the OR increases.

Typically the highest precipitation rates in TCs come from convective processes. Figure 5 shows the temporal
evolution of the mean precipitation in the (a) IC and (b) OR, split into convective (solid lines) and stratiform
(dashed lines) regions. In the IC, most of the precipitation comes from convective regions and most of the increase
in mean IC precipitation with SST warming seen in Figure 3 comes from convective regions. The stratiform
precipitation amounts in the IC do not vary as much with SST, with time mean values ranging from 3.3 mm/hr in
the 298 K simulation to 3.8 mm/hr in the 302 K simulation. In the OR (Figure 5b), the convection areas produce
more precipitation as well. The increase in convective precipitation with SST warming is less obvious than in the
IC, but the time means do increase monotonically from 6.8 mm/hr in the 298 K simulation to 9.6 mm/hr in the
304 K simulation. The time mean stratiform precipitation in the OR is smaller and changes non-monotonically
with warming, ranging from 0.8 mm/hr in the 304 K simulation to 1.1 mm/hr in the 300 K simulation. The
increase in precipitation from convective regions in the IC and OR can come from increases in precipitation rates,
increases in the size of the convective regions, or both. These possibilities will be discussed in the following two
sections.

3.2. Changes in Storm Structures With Warming

Before examining changes in storm modes in the TCs with SST warming, we first look at the percentage of the IC
and OR that consist of convective regions (Figure 6). This is motivated by the finding in Hence and Houze (2012)
that higher SSTs increase the fraction of convective precipitation in all regions of TCs as seen in TRMM radar
reflectivity data from 1998 to 2007. We examine the differences in the percent of gridpoints in the IC and outer
region since the TCs are different sizes throughout the simulations. The percent of gridpoints covered by con-
vection in the IC (solid lines in Figure 6) increases with warming SSTs, while the size of the IC gets smaller
(Table 1). The difference in convective area is large between the coolest and warmest simulation, with temporal
means of 43.7% in the 298 K simulation and 83.8% in the 304 K simulation. This increase in the area of
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Figure 6. Time series of percentage of gridpoints covered by convective regions for the tropical cyclone inner core (solid
lines) and outer rainbands (dashed lines) in the 298, 300, 302, and 304 K simulations. Time series are smoothed using a 12 hr
low-pass Lanczos filter.

convection in the IC accounts for at least part of the increase in mean convective precipitation displayed in
Figure 5a. The Spearman's rank correlations between the percent of convective area in the IC and the mean IC
precipitation are 0.90 for 298 K, 0.71 for 300 K, 0.69 for 302 K, and 0.55 for 304 K (all significant at the 1% level).
While the correlation is smaller for the 304 K simulation for the full period of the simulation, the correlation is
closer to 0.85 for the first 2-3 days (after the 24 hr spin-up period) when the TC is intensifying. After this
intensification period, the correlation is lower, which we hypothesize is due to the persistent high percentages
(i.e., above 90%) of IC area occupied by convective regions in the 304 K simulation (Figures 2h and 6). Although
convective regions occupy less area in the OR than stratiform (dashed lines in Figure 6), they still contribute most
of the precipitation in the outer region (Figure 5b). There is minimal difference in the percent of convective
gridpoints in the outer regions between the different simulations with temporal means of 9.2%, 7.9%, 8.4%, and
9.0% for the 298, 300, 302, and 304 K simulations, respectively.

To explore changes in storm structure further, we further classify the convective and stratiform regions in the TCs
into storm modes. The explanation for the abbreviations of the storm modes can be found in Section 2.2. First, we
plot the spatial frequencies of the storm modes over the full length of the simulations (Figure S4 in Supporting
Information S1), showing that DWCCs and BSRs are by far the most common modes in the TCs. DWCCs tend to
occur in the IC of the storms more than the OR, while BSRs occur mostly in the transition regions between the IC
and OR and outward. Ordinary convective cores, DCCs, and WCCs occur much less frequently over the TC
lifetimes, so they will not be discussed here. Figure 7 shows the difference in the temporal occurrence frequencies
of (a,c,e) DWCCs and (b,d,f) BSRs between the (a,b) 298 and 300 K simulations (c,d) 300 and 302 K simulations,
and (e,f) 302 and 304 K simulations. DWCCs tend to increase in occurrence near the TC center and decrease outside
the center with SST warming. This suggests a contraction of the convective regions toward the center of the storms,
in line with the decrease in the mean radii of the IC with warming (Table 1). With warming, the BSR frequencies
decrease, mostly in the outer regions of the storms. The change in BSR frequency is larger between the 298 and
300 K simulations compared to the other pairs of simulations. Changes in stratiform regions have a much smaller
impact on the changes in precipitation with warming in both the IC and outer regions, as shown by the much smaller
contribution to total precipitation from stratiform areas compared to convective areas in Figure 5.

3.3. Changes in Microphysics With Warming

To complement the analysis of TC precipitation and structure changes, we next examine changes in microphysics
through changes in mixing ratios of various hydrometeors and cloud liquid and ice in Figure 8. Mean mixing
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Figure 8. Time and azimuthal mean mixing ratios [g/kg] of (a)—(d) rain (filled contours), snow (colored contour lines), and graupel (black contour lines) and (e)—(h)
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start at 1.0 x10™> g/kg and go up to 0.015 g/kg in 1.0 x10™> g/kg increments. Time means are taken over Days 2—7 of the simulations.

ratios of all hydrometeors increase with warming (Figures 8a—8d). The maximum values of rain (filled contours)
not only increase with warming but also contract toward the TC centers, consistent with the contraction of the IC
sizes with warming (Table 1) and more frequent occurrences of DWCCs in the IC with warming (Figures 7a—7 ¢
and 7e). In line with observations, there is evidence of cold-phase precipitation formation (i.e., graupel and snow)
in the IC of the TCs (Houze, 2010). The snow (colored line contours) mixing ratio maxima increases and moves
higher in the atmosphere with warming. Similarly, the graupel (black line contours) mixing ratios concentrate
more toward the TC centers, where the strongest updrafts are found in the eyewalls, and extend higher into the
atmosphere with warming, suggesting higher lofting of graupel by stronger updrafts (Table 1). The mean height of
the melting layer (height of the 0°C isotherm) increases as SST increases (Table 1). This is in agreement with
Hence and Houze (2012) who analyzed TRMM radar reflectivity data and found that higher SSTs shift the
melting layer signature higher in the atmosphere. Mean cloud base heights become lower in the atmosphere with
warming in these simulations (Table 1), which in combination with a rising melting layer creates a larger volume
for warm rain processes. The mean echo top height (defined as the maximum height of a 20 dBZ reflectivity
value) rises with warming in both the IC and outer region (Table S1 in Supporting Information S1), demonstrating
the increasing vertical extent of the TC circulations.

Figures 8e—8h shows the mixing ratios of cloud liquid (filled contours) and cloud ice (line contours). The amount
of cloud ice increases with SST warming and moves upward, suggesting a thickening and rising of the TC anvil
clouds. The cloud liquid mixing ratios extend higher vertically and decrease in maximum magnitude between the
302 and 304 K simulations. This could indicate an increase in PE with warming, as condensed liquid remains in
the atmosphere for a shorter time before falling as rain. An increase in PE was found with warming in small-
domain RCE simulations by Lutsko and Cronin (2018). Using a simple definition of PE (the quotient of pre-
cipitation and precipitable water, excluding any gridpoints where precipitation is 0 mm/hr) that has been used for
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real world TCs before (Brauer et al., 2020), we calculated the maximum PE and mean PE in the IC and outer
region at each timestep during Days 2—7 of the simulations and then found the mean over all timesteps (Table S1
in Supporting Information S1). Both the maximum and mean PE increase with warming SST in the TC IC. In the
OR, the maximum PE decreases with warming SST while the mean PE remains about the same, except when
comparing the 302 and 304 K simulations. This provides an additional explanation for why there are large in-
creases in IC precipitation with SST warming and smaller increases in outer rainband precipitation. Precipitation
efficiency is a very complex process; therefore, it is difficult to point to one reason for PE changes. With warmer
SST in our simulations, the volume available for warm precipitation production processes increases due to the
lower cloud base heights and higher melting levels (Table 1). With a larger volume for these processes to occur
plus higher mixing ratios of water vapor and cloud water (Figure 8), we hypothesize that there are more efficient
warm rain processes, such as collision and coalescence, which increases the PE in the TC IC. It is thought that
warm rain processes are very important for precipitation production in the TC IC, while cold phase precipitation
production is more dominant in the OR (Hu et al., 2020; Wu et al., 2021). The dominance of different precipitation
production types may explain the different response of PE to SST warming in the IC versus the OR in our
simulations, but more work is required to study these processes in more detail.

4. Conclusions

This work compares idealized convection-permitting WRF simulations of TCs in doubly periodic domains with
different domain-constant SSTs. The main motivation is to study the response of precipitation in the TC IC and
OR to SST warming to gain an understanding of how precipitation in TCs in the real world may be impacted by
climate change. Additionally, we examine changes in the three-dimensional storm structures and microphysical
characteristics to understand why TC precipitation changes with warming in the model simulations. The simu-
lations produce large increases in TC intensity and IC precipitation with SST warming. The OR precipitation also
increases (except between the 302 and 304 K simulations) but at a smaller rate than the IC precipitation. In all
areas of the TCs, most of the precipitation comes from convective regions as opposed to stratiform regions. The
percentage of the IC occupied by deep convection greatly increases with warming, thus contributing to the large
increase in precipitation, while the percentage in the TC outer region changes minimally. In the IC, DWCCs occur
more frequently and closer to the TC center with warming, while the BSRs in the TC outer region occur less
frequently with warming. This work demonstrates that storm mode classification works well on TCs, at least in a
model, and is useful for gaining insight into what processes are changing precipitation in different regions of TCs.
The vertical extent of the TC circulation deepens with warming, the melting level rises higher in the atmosphere,
and the mixing ratios of all hydrometeors increase, especially in the IC, along with the precipitable water. While
PE increases in most cases in the TC IC with warming, potentially due to the larger volume available for warm
rain processes, the maximum PE decreases in the OR.

Interestingly, multiple recent studies have found a decreasing trend in global mean TC IC precipitation and an
increasing trend in OR precipitation since 1998 using satellite precipitation products (Guzman & Jiang, 2021; Tu
etal., 2021; Wei et al., 2022). Lai and Toumi (2023) found a decrease in the fraction of high thick clouds in TC ICs
from 2002 to 2021, which suggests a weakening of IC convection. In contrast, both the convection-permitting
model simulations in this study and global climate models simulate increases in TC IC precipitation with
climate warming. We hypothesize that the decreasing trend in TC IC precipitation found in satellite data, if itis a
true signal and not due to instrument continuity issues, is caused by internal variability or shifts in the climate
beyond just SST warming, such as changes in atmospheric dynamics, meaning that the WRF model simulations in
this paper are too idealized to simulate the observed trends. Our simulations also do not include a coupled ocean
model that could lead to ocean mixing and the upwelling of cooler ocean waters to the surface (Huang et al., 2021;
Kanada & Aiki, 2024), external triggers for outer rainband formation (C.-K. Yu et al., 2023), strong vertical wind
shear that helps force and organize TC precipitation in the real world (Wingo & Cecil, 2010), or impacts of
aerosols (Sena et al., 2024; Wang et al., 2014). Future work will involve repeating the analysis performed in this
study on TCs in convection-permitting regional WRF simulations that have both historical and pseudo-global
warming runs (R. Rasmussen et al., 2023). We will assess if the convective-scale TC precipitation responses
to climate warming in these more realistic convection-permitting WRF runs will differ from the idealized runs
analyzed in this paper.

Other possibilities to explain the discrepancy between models and observations in TC IC precipitation trends are
errors in the observed trends due to the relatively coarse resolution (about 10-25 km) of the satellite precipitation
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products used in the observational studies (Huffman et al., 2010, 2019), discontinuities in the satellite obser-
vational record due to satellite adjustments and instrument changes, and underestimation of very heavy precip-
itation rates within the TC ICs (Iguchi et al., 2009). In conclusion, this work demonstrates the need to pursue
process-based understanding of small-scale, three-dimensional storm mode structures and microphysical pro-
cesses in TCs, as these characteristics can greatly impact the amount of precipitation produced in different regions
of the TC. This finding encourages the continued use of convection-permitting models to explore the influence of
climate on TC precipitation.

Data Availability Statement

While the full output of the WRF model simulations is extremely large, all data and python scripts required to
make the figures in the paper as well as the WRF namelist file are available on Zenodo (Stansfield, 2025). Anyone
with interest in using the full model output is encouraged to contact the first author. WRFv4.1.3 source code can
be downloaded at https://www2.mmm.ucar.edu/wrf/users/download/get_source.html.
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