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Abstract

One of the most costly effects of climate change will be its impact on extreme weather events,
including tropical cyclones (TCs). Understanding these changes is of growing importance, and
high resolution global climate models are providing potential for such studies, specifically for TCs.
Beyond the difficulties associated with TC behavior in a warming climate, the extratropical
transition (ET) of TCs into post-tropical cyclones (PTCs) creates another challenge when
understanding these events and any potential future changes. PTCs can produce excessive rainfall
despite losing their original tropical characteristics. The present study examines the representation
of PTCs and their precipitation in three high resolution (25-50 km) climate models: CNRM, MRI,
and HadGEM. All three of these models agree on a simulated decrease in TC and PTC events in the
future warming scenario, yet they lack consistency in simulated regional patterns of these changes,
which is further evident in regional changes in PTC-related precipitation. The models also struggle
with their represented intensity evolution of storms during and after the ET process. Despite these
limitations in simulating intensity and regional characteristics, the models all simulate a shift
toward more frequent rain rates above 10 mmh™! in PTCs. These high rain rates become 4%-12%
more likely in the warmer climate scenario, resulting in a 5%—12% increase in accumulated rainfall

from these rates.

1. Introduction

Tropical cyclones (TCs) are prolific rain produ-
cers both in the deep tropics and the subtropics.
Additionally, the warming climate could cause indi-
vidual storms to produce more rainfall than during
past climate conditions [18, 30, 31]. As TCs move into
the midlatitudes, they and their precipitation fields
are affected by the process of extratropical transition
(ET) through which TCs lose their tropical char-
acteristics and become extratropical cyclones [5, 9],
referred to as post-tropical cyclones (PTCs). The ET
process is often defined using a cyclone phase space
(CPS), as introduced in Hart [9], which determines
the thermal symmetry and warm or cold core nature
of the storm using geopotential height gradients. As
a storm begins ET, the storm can develop fronts and

become thermally asymmetric while losing its warm
core characteristics [9]. This evolution of the storm
causes the precipitation field of the TC to become
asymmetric as it shifts to the left of the track of the
storm in the Northern Hemisphere [13, 19]. Once a
TC completes ET, the effects of the storm, such as
high winds and heavy rainfall, can be felt far down-
stream of the traditional TC basins (2, 3, 7, 9, 35-37].
Despite the far reaching effects of such storms, PTCs
and their precipitation have not been as widely stud-
ied as TCs. However, new analysis approaches have
made the isolation of PTC precipitation easier [3].
This approach can be applied to large datasets, such
as climate model output.

Advances in computational power enable high
resolution climate modeling with grid spacing of 50
km or finer. These climate models can better simulate

© 2024 The Author(s). Published by IOP Publishing Ltd
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storm-scale phenomena, particularly TCs [20, 33, 44].
The Coupled Model Intercomparison Project Phase 6
(CMIP6; Eyring et al [6]) devoted a subset of exper-
iments, the High Resolution Model Intercomparison
Project (HighResMIP) [8], to investigating the effect
of horizontal resolution on the representation of TCs
in climate models. Several studies have examined
HighResMIP simulations to evaluate the accuracy
with which the models can simulate TCs. Roberts
et al [33] finds that increased horizontal resolution
improves global TC frequency and intensity simula-
tion HighResMIP models. Furthermore, higher res-
olution models are able to simulate TCs with smal-
ler, more intense inner cores, a structure more sim-
ilar to observed TCs than produced by the low res-
olution counterparts [33]. Li et al [20] finds that
HighResMIP model simulations are able to simulate
more realistic TC lifetimes, intensity, and genesis fre-
quency than their low resolution counterparts. The
effects of horizontal model resolution are also evident
in the simulation of TC precipitation. Zhang et al [48]
finds that many HighResMIP models produce higher
TC rainfall totals with increased resolution. Most of
the high resolution models in Zhang et al [48] per-
formed better than their low resolution counterparts
in simulating the global fraction of precipitation res-
ulting from TCs, although biases remain at the basin
scale.

Given these advances, HighResMIP models have
been utilized to explore potential changes in future
TC activity. Roberts et al [34] found a reduction
in Southern Hemisphere TC activity and a pole-
ward shift in the latitude of storm lifetime maximum
intensity. Huang et al [11] also found more land-
falling TCs in the West North Pacific and the North
Atlantic. TC precipitation is found to change as well,
with Huang et al [11] finding increased TC precipit-
ation in all basins in the warming climate scenario.
Similarly, Zhao [49] found increases in TC precipita-
tion and the fraction of both extreme and all precip-
itation resulting from TCs reaching as far poleward as
50° N. This result highlights the impacts of TCs even
at the end of their life cycles. Yet, PTCs have not been
extensively examined in these high resolution models.

Outside of HighResMIP activities, studies have
begun to examine projections of the ET process in a
warmer world. Jung and Lackmann [15] used quasi-
idealized atmosphere model simulations to show
that warmer SSTs result in stronger TCs before ET
occurs, longer durations of ET, and weaker storms
after ET. Jung and Lackmann [14] also finds that
simulations of Hurricane Irene in a warmer cli-
mate produce a longer ET process and increased pre-
cipitation depending on factors such as terrain. In
10-year atmospheric model simulations with future
RCP8.5 forcing (a high-emissions future scenario
from CMIP5; [38]), Michaelis and Lackmann [23]
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find that the percentage of storms that complete ET
in the Northern Hemisphere increases by 5%—8%
paired with a poleward shift in TC and ET activity.
Building on this study, Michaelis and Lackmann [24]
find an increase in precipitation intensity and areal
coverage during and after ET completion. However,
the same study finds less drastic changes for sim-
ilar storms in the West North Pacific, highlighting
the need to study basin-specific changes with warm-
ing. Finally, Baker et al [1] specifically examined ET
in the HighResMIP models, focusing on potential
changes of ET frequency and storm intensity in a
warming climate. This study finds opposing shifts in
ET latitude between the coupled and atmosphere-
only models. All models used in Baker et al [1] agree
on an increase in the number of ET occurrences in
the North Atlantic and a decrease in the West North
Pacific. Additionally, all models tended to produce
stronger warm cores and more intense pre-ET storms
with higher wind speeds, consistent with Michaelis
and Lackmann [23].

Despite these recent studies focusing on the
changes in ET in the future, few have examined PTC
precipitation. The goal of the present study is to
examine the representation of global PTC precipita-
tion and activity in HighResMIP models and exam-
ine potential future changes in PTC precipitation. The
remainder of this manuscript is structured as fol-
lows: section 2 describes the data and methods used.
Section 3 details the results found in our analysis.
Finally, section 4 provides some discussion and con-
clusions drawn from the previous section.

2. Data and methods

2.1. Climate models

The HighResMIP models used for this study include
CNRM-CM6-1-HR  (referred to throughout as
CNRM,; [43]), MRI-AGCM3-2-H (MRI; [25]), and
HadGEM3-GC31-HM (HadGEM,; [32]). These mod-
els were chosen based on the analysis of Roberts et al
[33] and Roberts ef al [34], which compared the rep-
resentation of TCs in various HighResMIP models
to the observed climatology. As in Roberts et al [33],
CNRM is assessed due to its ability to simulate an
accurate global TC frequency including Category 2
and 3 TCs (table 2). MRI is used in this study due to
its ability to produce a wider range of TC intensities,
including storms with wind speeds up to 80 m s~}
[34]. HadGEM is used for its fairly accurate distri-
bution of TCs around the world, despite its overpro-
duction of storms in the Southern Hemisphere. From
Roberts et al [33] and Roberts et al [34], EC-Earth3P
and MPI-ESM1 are excluded for their underproduc-
tion of TCs globally, CMCC-CM2 is not included
due to the lack of availability of variables necessary
for the tracking used in this study, and ECMWEF-IEFS is
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Table 1. Overview of the observational and model datasets used. The dataset identifier is given in column 1, with dataset type in column
2. Column 3 specifies the spatial resolution of each dataset. Column 4 indicates temporal resolution. Column 5 lists the years of data that

are used from each dataset.

Dataset Type Spatial Temporal Years used
IMERG Observations 0.1° 30 min 2001-2019
ERA5 Reanalysis 0.25° Hourly 2001-2019
IBTrACS Observations No Grid 6 hourly 2001-2019
CNRM HighResMIP 0.5° 6 hourly/Daily 1950-2014, 2015-2048
MRI HighResMIP 0.56° 6 hourly 1950-2014, 2015-2048
HadGEM HighResMIP 0.23° 3 hourly 1950-2014, 20152048

not included due to the lack of availability of warm-
ing climate simulations [33]. For all three selected
models, the ‘highresSST” atmosphere only runs are
utilized for both the historical (1950-2014) and the
future (2015—2048) simulations [8]. The future sim-
ulations are forced with RCP8.5 warming forcing as
in the CMIP5 experiments, causing the global aver-
age surface temperature to warm by 1.1 °C-1.2 °C
in the future simulations compared to the historical
simulations. CNRM and MRI have a 6 hourly tem-
poral resolution with comparable spatial resolutions
of 0.5° and 0.56° respectively. HadGEM has 3 hourly
resolution which is downsampled to match the other
models, with 0.23° latitude and 0.31° longitude spa-
tial resolution (table 1).

While the high resolution model runs of each
of the three selected models improved some aspects
of the mean biases observed in their low resolu-
tion counterparts, especially in regard to TC simula-
tion, some biases still remain in each model’s mean
simulated precipitation. For example, CNRM and
HadGEM, even when upgraded to high resolution,
tend to overproduce precipitation globally, with pos-
itive bias scores on the order of 0.3-0.5 [26]. MRI
tends to produce too little rainfall along the Gulf coast
of the United States in the summer months of June,
July and August [45], and underestimates rainfall in
parts of western Africa [27]. On the other hand, MRI
overproduces rainfall in central Asia [21]. There is a
range in the performance of the various HighResMIP
models in their ability to simulate the mean global
state as well as in simulation of TCs globally.

2.2. Observations

Comparisons of the historical model simulations to
observations are completed using results from Bower
et al [3], which constructed an observational clima-
tology of PTC-related precipitation using observed
TC trajectories from the International Best Track
Archive for Climate Stewardship (IBTrACS; [16, 17])
that were extended to include post-ET points [46]
and co-located with the Integrated Multi-Satellite
Retrievals for GPM (IMERG) observational precipit-
ation product [12]. Tracking of post-tropical points in
the observational TC life cycles was completed using

the ERA5 renalaysis dataset [10]. Additional details
for these datasets can be found in table 1.

2.3. Methods
The methodology utilized for this study follows
the framework introduced in Bower et al [3] with
the addition of TC tracking. TCs are tracked using
TempestExtremes [41, 42], which identifies sea level
pressure minima with closed contours of pressure
that satisfy a warm core criterion based on the geo-
potential height difference between 500 and 300 hPa.
Settings, which are identical to the optimized set-
tings in Ullrich and Zarzycki [42], can be found in
appendix A of Bower et al [3]. Once TCs are tracked,
ExTraTrack [46] is used to extend all TC trajector-
ies to include points during and after ET until the
extratropical cyclone fully dissipates. The ET pro-
cess is defined within ExTraTrack using the CPS as in
Hart [9]. ExTraTrack stops tracking a PTC when its
central pressure rises above 1020 hPa, when 14 days
have passed since ET completion, when translational
speed exceeds 40 m s~!, or when changes in direc-
tion exceed various thresholds, depending on transla-
tional speed ([46], adapted from Hart [9]). All points
where topography exceeds 1000 m are masked out to
prevent the tracking of topographic lows.
Precipitation objects are then tracked by
TempestExtremes using thresholds of I mmh~! and
the 95th percentile of all 6 hourly rain rates at each
location. Next, the radius over which to extract TC
and PTC precipitation is generated by finding the
locations around the storm center where the 500 hPa
geopotential height rises by 10 m from the value at
the storm center. A 1° great circle distance minimum
mask is also imposed to ensure that strong TCs are
included, but the variable mask is able to take on
any shape, enabling the analysis of both symmet-
ric and asymmetric storms. Finally, all precipitation
objects that overlap the mask at any point are isol-
ated as TC- or PTC-related precipitation objects.
From the isolated precipitation field, composites are
generated and shown in the supplemental material.
Because HadGEM data has different spatial resolu-
tion in the latitude and longitude directions, the data
was remapped to the MRI grid using TempestRemap
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[39, 40] to create the composites. Further details on
the methodology can be found in Bower et al [3].

Times before ET onset as defined by the CPS
calculation [9] in ExTraTrack [46] correspond to a
symmetric warm core and are considered ‘pre-ET” in
our analysis. When a storm is either an asymmetric
warm core or a symmetric cold core in the CPS, it is
considered ‘during-ET. Once a storm is determined
by the phase space to be an asymmetric cold core, the
storm is then labeled as ‘post-ET”. For the remainder
of this manuscript, the term ‘PTC’ refers to all times
after the onset of ET.

3. Results

Using this methodology to isolate the asymmetric
precipitation associated with PTCs, we are able to
complete a novel investigation of PTC precipitation in
high resolution climate models. We begin by assess-
ing ET representation and comparing to prior work
before addressing the rainfall resulting from PTCs.

3.1. PTC Frequency

Observations indicate that 33.2% of all global TCs
completed ET between 2001 and 2019. All three mod-
els underestimate the percentage of TCs that undergo
ET to varying degrees (table 2). However, this single
metric is not fully indicative of the accuracy of each
model’s representation of ET events. For example,
CNRM’s percentage is heavily skewed by the model’s
overproduction of TC (figure S1) and ET activity in
the North Indian basin (NIND), as noted in Roberts
etal 33, 34] for TC activity. Only 8% of the observed
Northern Hemisphere (NH) TC activity occurs in the
NIND, but CNRM historical runs simulate 18.8% of
NH storms in the basin (figure S1). These biases per-
sist into ET occurrence as well (figure 1). MRI also
overproduces TC and PTC activity in the NIND, but
not to the extent that CNRM does. HadGEM, on
the other hand, overproduces TCs (figure S1) and
ET events (figure 1) in the Pacific Ocean and in the
Southern Hemisphere (SH). These results are consist-
ent with prior work [1, 33, 34, 48]. Regardless of these
spatial and frequency biases, CNRM and MRI capture
a distinct seasonal cycle of both TC and PTC activity
with the seasonal peak of PTC activity slightly early
(figure S2). HadGEM’s TC seasonal cycle is more uni-
form throughout the year, largely due to its overpro-
duction of TC activity in the SH (figure S1). However,
this allows HadGEM to simulate the bimodal sea-
sonal cycle of PTCs better than the other two models
(figure S2).

Aside from the overproduction of TC and PTC
activity in the NIND, CNRM underrepresents ET
events elsewhere (figure 1), producing less than half
of the observed events per year in the North Atlantic
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(NATL) and the West North Pacific (WPAC). MRI
also underestimates PTC events, with only 1-2 events
per year in the NATL and in the SH, particularly
near Madagascar. Conversely, HadGEM overpro-
duces PTCs in the Pacific basins and represents NATL
activity most accurately of the three models (figure 1).
In the SH, CNRM and MRI produce an accurate
number of events along the Australian coastlines,
while HadGEM again overproduces (figure 1).

Looking to a warmer mean state climate, the
changes simulated are rather noisy. Even areas with
statistically significant changes between the future
and historical simulated mean track density (stippling
in figure 1 rightmost column) are inconsistent among
the models. All models agree on an increase in events,
with differing magnitudes, west of Australia. Similar
to the results of Baker et al [1], we find an increase or
no change in ET occurrence in the NATL consistent
among the models, particularly near western Europe
(figure 1). When examining the global changes, all
three models agree on a simulated decrease in the
global number of TC and ET events in the future sim-
ulations (table 2; figure 1). This consistency provides
some confidence in simulated changes in the fre-
quency of events, despite the mixed results concern-
ing the duration of the ET process and the percent-
age of TCs that undergo ET. CNRM and HadGEM
are able to simulate a more realistic duration of ET,
but both models show little change in ET duration
in future simulations. MRI produces shorter ETs in
the warmer scenario (table 2), similar to the results of
Jung and Lackmann [15]. The percentage of storms
that undergo ET each year does not change much in
the CNRM and MRI future scenario. On the contrary,
HadGEM shows a 4.8% increase in the percentage
of storms that undergo ET. While the models’ sim-
ulated percentage changes remain inconclusive, these
changes may suggest that the decrease in ET events
in the future is driven by the reduction in the over-
all number of TCs per year in the warmer simulations
(table 2).

3.2. PTC intensity

We next examine the simulation of the intensity of
storms before, during, and after the ET process. Cases
such as Hurricane Sandy (2012) illustrate how the use
of sea level pressure rather than 10 m wind speeds is
a more accurate determination of storm strength in
the broad wind fields characteristic of ET storms [4].
Thus, we use central pressure as our definition of TC
or PTC intensity.

In observations (black lines, figure 2), the intens-
ity distribution of storms before ET onset and after
ET completion is left skewed with a peak near 1000
hPa. During ET, the distribution takes on a flatter
shape with a maxima near 990 hPa and 950 hPa. A
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Table 2. Climatology by dataset. Average number of TCs and ET events per year are given in columns 2 and 3. The total percentage of
storms that undergo ET during the time frame of each dataset is given in column 4. The average duration of the ET process in hours is

given in column 5.

Dataset TCs/yr ETs/yr % of TCs that ET ET Duration (h)
IBTrACS 97.7 32.5 33.2% 82.3
CNRM-Hist 102.9 30.7 31.4% +0.7% 61.3
CNRM-Futr 88.6 26.3 29.5% +1.1% 61.6
MRI-Hist 70.9 20.0 28.4% +0.7% 47.6
MRI-Futr 65.4 18.4 282% +£1.0% 43.4
HadGEM-Hist 246.4 48.7 19.8% +0.3% 63.1
HadGEM-Futr 175.5 42.9 24.4% £+ 0.6% 66.2
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Figure 1. Number of 6 hourly occurrences of PTCs per year. Row 1: CNRM historical (CNRM-Hist), CNRM future
(CNRM-Futr), and difference (F)—(H) between future and historical. Row 2: as in row 1, for MRI. Row 3: As in rows 1-2, for
HadGEM. Row 4: observations. All datasets are mapped to an 8° lat/lon grid, as in Zarzycki et al [47]. Spatial correlations
between the historical simulations and observations are 0.09, 0.38, and 0.65 for CNRM, MRI, and HadGEM respectively, shown
in figure S3. Stippling in the difference panels indicates where the differences are statistically significant to the 66% level using a
two sample t-test for the difference of means. The 66% level was chosen based on the Intergovernmental Panel on Climate

more even intensity distribution is also observed in
Hart [9] during the ET process. All three models fail
to capture this distribution during the ET process,
instead retaining the left skewed shape similar to the
pre- and post-ET phases. CNRM tends to have slightly
stronger storms before ET onset compared to obser-
vations, while MRI and HadGEM have median values
similar to observations or slightly weaker. All mod-
els also show a shift toward weaker storms in the
pre-ET phase in the warmer future simulations for
storms that undergo ET. Once ET begins, these mod-
els struggle to capture the observed intensity evol-
ution of the storm. Both MRI and CNRM project
slightly lower pressure medians in the warmer scen-
ario post-ET, while HadGEM shows weaker post-
ET storms. However, all of the future simulations’
median intensities fall within the range of the statist-
ical uncertainty of the same model’s historical sim-
ulations’ median intensities, leaving little confidence

in the likelihood of these changes appearing consist-
ently. Overall, the models are able to simulate a real-
istic distribution of TC intensities before ET begins
but struggle throughout the ET process. The simu-
lated intensities of these storms may impact the evol-
ution of the rain field throughout the ET process.

3.3. PTC precipitation
The biases in PTC track density impact the simulation
of average annual PTC precipitation (see figure 3 for
95th percentile results, results for | mmh~! shown in
figure S4). There is an overall under-representation of
PTC precipitation in CNRM and MRI due to the lack
of production of ET events (i.e. figure 1). Although
HadGEM overproduces TC and PTC activity, it still
slightly underestimates 95th percentile PTC precipit-
ation in most areas.

Each model also varies in its simulated changes in
the future warming scenario (figure 3). While MRI
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Figure 2. Relative frequency of 6 hourly occurrences of a storm reaching each intensity (hPa). Top panel before ET onset. Middle
panel: during ET. Bottom panel after ET completion. Blue lines indicate historical simulations, red lines indicate future
simulations, and black lines indicate observations. Various line thicknesses distinguish between the models used. Markers beneath
the curves show the median of the distribution for each curve, with different shapes corresponding to the different models and
observations. Lines extending from the median markers indicate the statistical uncertainty in the median value for each set of
model simulations.

in general produces a worldwide increase in PTC
precipitation in the future scenario, the other two
models have more basin-dependent patterns. CNRM
and MRI simulate higher average PTC rainfall in
the future simulations in the NATL, while HaddGEM
shows a small area of increased PTC precipitation sur-
rounded by decreased rainfall in the same basin. All
three models indicate slight increases and decreases
in PTC rainfall juxtaposed in the WPAC. Since a sim-
ilar pattern is seen in PTC track density, this may rep-
resent a shift in the PTC activity away from the east
coast of Asia. Unlike the other two models, HadGEM
suggests a slight increase in PTC precipitation in the
highest NH latitudes, simulating more storms that

reach high latitudes. Also noteworthy is that CNRM
and MRI agree upon an increase in PTC precipita-
tion in western Europe in the warming climate scen-
ario despite little to no change in the number of
events (figure 1). This indicates that the precipit-
ation per storm could increase in the downstream
areas.

Examining all storms regardless of spatial distri-
bution reveals some consistency among the models
in simulated changes in the warmer climate scenario.
All three models agree on increased rain rates above
1 mmh ™! in the pre-ET phase of storms in a warmer
mean state (figures S5-S8), but uncertainty remains
in the during- and post-ET phases when using this
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approach. The full distribution of PTC rainfall from
the during- and post-ET phases reveals some consist-
ency among the models when comparing the warmer
climate simulations to the historical. Figure 4 shows
the frequency proportion and accumulated precipit-
ation of each rain rate (mm h™!) for each set of model
simulations using a 1 mmh™! threshold following
the methodology of Pendergrass and Hartmann [28].
Blue lines in figure 4 indicate the historical simula-
tions, while red lines indicate the future simulations.
In each model, the peak rain rate simulated within
PTCs during and after the ET process is between
1 and 4 mmh~! with the frequency of occurrence
of rain rates greater than 4 mmh~! decreasing rap-
idly with increasing rain rate. The bulk of the accu-
mulated rainfall can be attributed to the rain rates
between 3 and 4 mm h~! in MRI and HadGEM, with

CNRM’s peak of accumulated rainfall resulting from
5 mmh~! rain rates. At the low rain rates, all three
models simulate a decrease in the frequency of rain
rates less than 5 mmh ™! in the warmer mean state
simulations. However, when focusing on the right
tail of the distribution in the right two panels of
figure 4, it becomes evident that all models show an
increase in the frequency of rain rates occurring above
10 mmh~!. These high rain rates are simulated to
become 4%—12% more likely in the warmer climate
scenario, leading to increased accumulated rainfall by
5%-—12% from rain rates of 10 mmh~! and greater,
depending on the model. Therefore, the thermody-
namic effect of 1.1 °C-1.2 °C of warming on PTC
rainfall is evident in the shift from lighter to heav-
ier rain rates and increased accumulated rainfall from
heavier rain rates within these storms.
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4. Summary and discussion

This study constructed the first global analysis of PTC
occurrence and rainfall in three HighResMIP mod-
els, including CNRM, MRI, and HadGEM. Overall,
the frequency of the ET process is underrepresented
by these models, while the percent of TCs in the sim-
ulations that undergo ET is only underestimated by
2%-5% in CNRM and MRI with HadGEM’s percent-
ages straying farther from observed values. The relat-
ive spatial distributions of TC and PTC tracks mir-
ror each other, suggesting that biases in ET simula-
tion arise from biases in TC activity. All three mod-
els also struggle to represent the intensity distribution
of storms in the during- and post-ET phases, keeping
storms too weak once the ET process begins.

Despite these biases, all three models agree that
the global number of TC and ET events would
decrease in a warmer mean state climate scenario,
but the regional changes in frequency remain uncer-
tain. Biases in activity translate to the rainfall asso-
ciated with the storms as well. Aside from the com-
monly affected areas like the east coasts of contin-
ents, downstream areas may also see changes in these

quantities in a warmer world. Both CNRM and MRI
indicate that although the number of events does not
change in the future simulations, the precipitation
resulting from PTCs increases near Western Europe.
These, among other issues that could potentially
arise from the warming climate, must be considered
when managing infrastructure growth in coastal areas
around the world.

There is some consistency among the models in
determining changes in precipitation when viewed
from a storm-centric perspective rather than the
global distribution of PTC rainfall. All three models
agree on a shift from lighter precipitation rates under
5 mm h~! within PTCs both during and after the ET
process to heavier rain rates above 5 mmh~! and
increased accumulated rainfall resulting from these
heavier rain rates in a warmer mean state climate.
This shift from lighter to heavier rainfall could con-
tribute to increases in per-event precipitation, as sim-
ulated by the models in some parts of the world.
Areas impacted by these storms may face heavier rain
rates within certain regions of the PTC, which may
exacerbate some impacts of PTC rainfall. As popula-
tion and infrastructure continue to increase in coastal
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areas [29], this could leave a greater number of people
more vulnerable to flooding caused by PTC rainfall as
storms reach the mid- and high latitudes.

The lack of clear regional agreement amongst the
models indicates a need for more targeted high res-
olution climate modeling efforts. These projects have
greatly improved TC representation in climate simu-
lations, with prior work such as Roberts et al [33], Li
et al [20], and Baker et al [1] showing the improve-
ments made by increasing horizontal model resol-
ution. This work must be continued and extended
to also determine how the simulation of TC interac-
tions with the midlatitude environment can also be
improved in the coming years. The correction of some
biases in TC activity will likely lead to improvements
in the representation of PTC activity in the models as
well. While the primary goal of HighResMIP was to
determine the effects of resolution on the representa-
tion of phenomena like TCs in global climate models,
the project intends to expand to study the effects of
warming in future phases of HighResMIP. This shift
of focus will allow for the targeted future study of the
effect of the warming mean state on ET and the asso-
ciated rainfall.

Data availability statement

All data that support the findings of this study are
included within the article (and any supplementary
files). The data that support the findings of this study
are available at the following URLs:

IMERG Final Run: https://gpm]1.gesdisc.eosdis.
nasa.gov/data/GPM_L3/GPM_3IMERGHH.06/.
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php?name=ib-v4-access.

ERAS5 reanalysis: https://cds.climate.copernicus.
eu/#!/search?text=ERA5&type=dataset.

HighResMIP: https://esgf-index1.ceda.ac.uk/sear
ch/cmip6-ceda/

TempestExtremes:  https://github.com/Climate
GlobalChange/tempestextremes.

ExTraTrack: https://github.com/zarzycki/ExTra
Track.
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