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Global tropical cyclone precipitation scaling with sea surface

temperature

Alyssa M. Stansfield"?* and Kevin A. Reed'

Understanding the relationship between tropical cyclone (TC) precipitation and sea surface temperature (SST) is essential for both
TC hazard forecasting and projecting how these hazards will change in the future due to climate change. This work untangles how
global TC precipitation is impacted by present-day SST variability (known as apparent scaling) and by long-term changes in SST
caused by climate change (known as climate scaling). A variety of datasets are used including precipitation and SST observations,
realistic climate model simulations, and idealized climate model simulations. The apparent scaling rates depend on precipitation
metric; examples shown here have ranges of 6.1 to 9.5% per K versus 5.9 to 9.8% per K for two different metrics. The climate scaling
is estimated at about 5% per K, which is slightly less than the atmospheric moisture scaling based on thermodynamic principles of
about 7% per K (i.e., the Clausius-Clapeyron scaling). The apparent scaling is greater than the climate scaling, which implies that the
relationship between TC precipitation and present-day SST variability should not be used to project the long-term response of TC

precipitation to climate change.
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INTRODUCTION

Flooding, especially flash flooding from heavy precipitation, is one
of the deadliest weather events worldwide'?. Understanding
future changes in precipitation is essential for climate adaptation
planning; however, changes in extreme precipitation are compli-
cated by the variety of factors that influence it. The theoretical
basis for understanding the extreme precipitation response to
temperature change is the Clausius—Clapeyron (C-C) relationship,
which shows that the saturation vapor pressure of water increases
with temperature at about 7% per K at surface temperatures
common on Earth. Because extreme precipitation typically occurs
in saturated atmospheric environments, increases in extreme
precipitation with temperature are expected to approximately
follow this scaling as well**. However, some modeling and
observational studies have found increases exceeding C-C for sub-
daily time scales over certain areas®™’. Storm type, season, and
large-scale circulations have been demonstrated to impact the
extreme precipitation-temperature scaling®®.

Investigating how extreme precipitation produced by specific
storm types, such as tropical cyclones (TCs), responds to
temperature change can aid in both forecasting precipitation
before TC landfalls and understanding future projections of TC
precipitation from climate models. Some studies of individual
hurricanes have found precipitation increases greater than C-C
using both models and observations'®'2, The impacts of
dynamical changes, such as changes in TC intensity or outer size,
on extreme precipitation scaling are more uncertain than the
impacts of thermodynamics (i.e., the C-C relationship)'>. There is
also uncertainty in how microphysical effects, such as precipitation
efficiency, may change with climate warming'®. Studying the
present-day variability between extreme precipitation and tem-
perature (i.e., the apparent scaling) is one way to explore these
uncertainties, but it is unclear how the apparent scaling relates to
the long-term relationship between climate warming and extreme
precipitation change (i.e., the climate scaling)®.

The study of the observed links between extreme precipitation
and temperature over the tropical oceans is a relatively new area
of research, inhibited historically by a lack of long-term, sub-daily,
high-resolution observations. Using precipitation data from the
Tropical Rainfall Measurement Mission (TRMM) and two reanalysis
products, Wang et al.’® found that the daily precipitation above
the 99th percentile over most of the tropical oceans increased
with temperature up to 25-30°C and then decreased at higher
temperatures. Other studies also found negative extreme pre-
cipitation changes with increasing temperature in the tropics,
although they used gauge precipitation data and therefore
studied land regions'®'”. Over the ocean, the scaling is not likely
to be solely limited by moisture availability as it can be over
land'®, A recent study that used precipitation data from two
reanalysis datasets found positive apparent scaling rates of hourly
99th percentile precipitation over most of the tropical oceans but
some negative rates along the equator in the Atlantic and Indian
Oceans and in the subtropics'.

Using 3-hourly TRMM data and hourly surface temperature data
from the European Centre for Medium-Range Weather Forecasting
ReAnalysis (ERA5) dataset?, Traxl et al.?! also found large spatial
and seasonal heterogeneity in the apparent scaling of extreme
precipitation over the tropical oceans, with large deviations from
the C-C scaling in both positive and negative directions. They
relate the large negative scaling values over tropical oceans to a
decline in surface temperature starting about 24 hours before an
individual precipitation event. One possible explanation for this
effect that they suggest is cooling by TCs, since the broad TC wind
fields and large-scale cirrus cloud cover lead to surface
temperature cooling that precedes the storm itself and its
heaviest precipitation rates®'. While negative apparent scaling
rates appear in these datasets over tropical oceans at sub-daily
time scales, they are spatially variable, and again this relationship
may not directly translate to the climate scaling.

'School of Marine and Atmospheric Sciences, Stony Brook University, 100 Nicolls Rd, Stony Brook 11794 NY, USA. Department of Atmospheric Science, Colorado State
University, 3915 Laporte Ave., Fort Collins 80521 CO, USA. ®email: alyssa.stansfield@colostate.edu

Published in partnership with CECCR at King Abdulaziz University

npj


http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-023-00391-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-023-00391-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-023-00391-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-023-00391-6&domain=pdf
https://doi.org/10.1038/s41612-023-00391-6
mailto:alyssa.stansfield@colostate.edu
www.nature.com/npjclimatsci

npj

A.M. Stansfield and K.A. Reed

2

Since the observational record of precipitation over tropical
oceans is relatively short, many studies turn to models to
investigate the long-term climate scaling between extreme
precipitation and temperature in the tropics. O'Gorman?? utilized
Special Sensor Microwave Imager (SSM/I) precipitation observa-
tions for 1991-2008 to constrain global climate model projections
of future tropical precipitation changes. This study used the
interannual variability in the response of tropical precipitation to
surface temperature changes in the observations to obtain an
optimal estimate of the response of the 99.9th percentile of daily
precipitation to climate change in the models, which was
estimated at 10% per K with a 90% confidence interval of
6-14% per K averaged over tropical land and oceans. Other
studies using global climate models have found very similar
estimates of the mean climate scaling in the tropics'>?3. Two
studies using cloud-resolving models both found that heavy
precipitation (the 90th percentile and above) in tropical environ-
ments increases generally follow the C-C scaling and that the
strongest updrafts get stronger, despite using different model set-
ups and analysis methodology**%°. Using a quasi-global aqua-
planet with horizontal grid spacing of 12 km, one study found a
mean 3-hourly 99th percentile precipitation rate response in the
tropics of 7.3% per K26,

It is important to note that TCs did not form in any of these
idealized model simulations and therefore any of their impacts on
the scaling of extreme precipitation were not included. High-
resolution simulation of TC precipitation could influence the
climate scaling rates determined using these idealized simulations
and relatively low-resolution global climate models. This is
supported by a recent study that calculated the percentage
change in mean 3-hourly TC precipitation rates from TRMM for
1998 to 2016 and then divided that value by the change in global
mean sea surface temperature (SST) over that same time period.
They found an increase of about 21% for a SST change of only
0.21 K, greatly exceeding the C-C rate?’. However, another study
that used a High-Resolution Precipitation Climate Data Record
derived from the PERSIANN Dynamic Infrared Rain rate model
(PDIR) found a 7.6% per K increase in mean 3-hourly TC
precipitation rates over the same time period?®. Most other
studies that estimate the climate scaling of TC precipitation
calculate the change in mean TC precipitation between climate
model simulations of the current and future climate and then
divide by basin-wide SST change?®—2. Knutson et al.>*> summar-
ized 21 studies that looked at projected future changes in TC
precipitation and found that the % per K estimates varied greatly,
depending on model parameters, climate projection scenario,
ocean basin, and precipitation metric. Overall, they estimated a
best-guess global change of 14% per 2 K increase in SST, close to
the C-C rate.

The variations in the estimates from different studies emphasize
the importance of understanding the roles of dynamics in the
extreme precipitation-temperature relationship®*. Looking at the
HIiFLOR climate model under the Representative Concentration
Pathway 4.5 (RCP4.5) scenario, Liu et al.3? found an increase in the
mean precipitation rates within 100 km of the TCs' centers of
between 13% per K and 17% per K, dependent on ocean basin.
They determined that when the TCs were split into different
intensity categories, the super C-C rates diminished to near C-C
rates in each intensity category, suggesting that the super C-C
rates are driven by the 2.0-5.4% increase in TC intensity per K of
SST warming. Stansfield and Reed'® estimated that increases in TC
intensity contributed about 20% of the 8.6% per K increase in 99th
percentile TC precipitation rates in global rotating radiative-
convective equilibrium (RCE) simulations, with the thermodynamic
changes making up majority of the rest of the contribution. These
results agree with other modeling studies that suggest the
thermodynamic increase in atmospheric moisture accounts for
most of the extreme precipitation increases with
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temperature?*-2%35, but especially in the case of TCs, it is

important to keep changes in intensity in mind since the
thermodynamics and convection within TCs are linked through
their secondary circulations.

Although TCs can produce 40-50% of annual precipitation and
over 80% of extreme precipitation in regions of the tropics3¢-3,
the only study the authors could find that focused on the
apparent scaling of TC precipitation was Traxl et al2'. Most
previous literature has focused on estimating the climate scaling
of TC precipitation using the difference in mean precipitation and
SST between historic and future climate model simulations, and
no one has attempted to understand the relative magnitudes of
the apparent and climate scaling rates of TC precipitation. In some
previous studies, the apparent scaling rate has been used to
project how extreme precipitation may respond to warming from
climate change, but these projections are invalid if the apparent
and climate scalings are not approximately equal. To the authors’
knowledge, this is the first study that applies scaling rate
estimation techniques typically used for general extreme pre-
cipitation to TC extreme precipitation and compares these scaling
rates for TC precipitation between models and observations. We
also test the sensitivity of the apparent and climate scaling rates to
different precipitation metrics, since in previous studies of both TC
and non-TC extreme precipitation, many different extreme
precipitation metrics are used and could partially explain
differences in scaling rates. The goals of this paper are to:

1. estimate the apparent scaling between TC precipitation and
SST in observations and climate models to investigate if the
models are capturing this relationship and to assess the
dependency of the scaling rate on precipitation metric.

2. explore if idealized RCE model simulations can be used to
estimate the climate scaling of TC precipitation in more
realistic model simulations.

3. compare the relative magnitudes of the apparent and
climate scaling rates of TC precipitation to determine if the
observed apparent scaling can be used to estimate the
climate scaling.

The precipitation observations are from the Integrated Multi-
satellitE Retrievals for GPM (IMERG) algorithm3° while the SST
observations are daily data from the NOAA Optimum Interpolation
Sea Surface Temperature (OISST), version 2, database*®*!. TC
observed tracks and intensities are from the International Best
Track Archive for Climate Stewardship (IBTrACS) database*?. The
realistic climate model simulations are two Community Atmo-
sphere Model, version 5 (CAM5), runs. One, known as “AMIP
Historical”, is run using observed climate conditions for 1980-2012
while the other, known as “AMIP Future”, is run under projected
climate conditions for 2070-2099 under the RCP8.5 scenario. The
idealized simulations, known as “RCEMIP”, are also CAM5 runs but
are run using RCE conditions with globally-uniform SST ranging
from 299-305 K. Please see the section “Datasets” for more details
about all the datasets.

RESULTS
TC SST environments and intensities

Before comparing TC precipitation between the models and
observations, we will examine some of the general characteristics
of the TCs in the datasets. First, the analysis is limited to only
include TCs between 5° and 20° latitude in both hemispheres in
order to focus on the region where the TC characteristics in the
RCEMIP simulations, AMIP simulations, and observations are most
likely to be similar. The RCEMIP simulations do not have
extratropical storms or circulations, so TCs act in ways that are
different from the real world poleward of about 25° latitude343,
Also, this 5 to 20° latitude band is where TCs usually form and

Published in partnership with CECCR at King Abdulaziz University



develop. Poleward of these latitudes, TCs (and their precipitation)
in the AMIP simulations and observations are more likely to be
influenced by strong vertical wind shear, SST gradients, and
landfall. These factors impact TC precipitation patterns and
distributions, which may change the scaling rates, but for this
study, we wanted to focus on just the impact of SST on TC
precipitation. There is some evidence that TC activity should shift
towards the poles as the climate warms**~5, which could impact
the region of TC activity between the AMIP Historical and AMIP
Future simulations. However, the mean TC locations and genesis
latitudes in AMIP Historical and AMIP Future, when only including
storms between 5° and 20° latitude, are only different by 0.2° and
0.3°, respectively.

Figure 1 shows the counts of 6-hourly timesteps when the TCs
centers were over different SSTs. TCs preferentially exist over SSTs
between 299 and 303 K in observations and AMIP Historical. The
mean SST for observations is about 0.4 K warmer than the mean
SST in AMIP Historical. It is important to note that the datasets are
different lengths, which explains most of the differences in counts
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Fig. 1 Sample sizes of TCs over different TC-local SSTs. Counts of
6-hourly timesteps when TC centers were over TC-local SSTs ranging
from 295 to 307 K for observations (blue), AMIP Historical (purple),
AMIP Future (pink), and RCEMIP (black). For the observations and
the two AMIP simulations, the TCs are binned into 1 K bins centered
on each SST value (e.g., the 300 K bin includes 299.5 K to 300.5 K).
The numbers in the legend show the total summed counts for each
dataset. Only TCs with center locations over the ocean and between
5° and 20° latitude in both hemispheres are included.
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at the same SSTs between the observations and AMIP Historical as
well as the 0.4 K difference in the means. If the counts are plotted
for the common time period of 2001-2012 only (not shown), the
observed and AMIP Historical counts are almost identical and the
means differ by less than 0.1 K. The AMIP Future mean SST is 3.3 K
higher than the AMIP Historical mean, which is larger than the
difference between the global mean SSTs of 3.1 K and smaller
than the difference between the 5°-20° latitude means of 3.6 K.
The standard deviations of the TC-local SST distributions are 1.09 K
for Observations, 1.09 K for AMIP Historical, and 1.17 K for AMIP
Future, demonstrating that the variability of TC-local SSTs is similar
between these datasets. TCs in the RCEMIP simulations occur at all
simulation SSTs, resulting in the highest total number of timestep
counts (noted in the legend) even with less than 2 years of
simulation time. This is one advantage of using idealized
modeling: more TCs can be generated than in realistic simulations
at the same horizontal grid spacing while using less computa-
tional resources. This is helpful when analyzing extreme events,
like TCs, that are relatively rare in the real world. This provides
motivation for assessing whether or not the RCEMIP simulations
have similar TC precipitation scaling rates as the observations and
AMIP simulations because if they do, we may be able to use them
to project future changes in TC precipitation at relatively low
computational cost.

TC intensities are known to influence their precipitation rates,
especially in the TCs' inner cores*’**8, Figure 2 shows the
distributions of relative frequencies of TC intensities, measured
by both the maximum low-level wind speed in m/s and the
minimum sea level pressure (MSLP) in hPa. To be as consistent as
possible with observations, the 10-meter maximum wind speed
was estimated for the RCEMIP, AMIP Historical, and AMIP Future
output from the lowest model level wind speed using a
logarithmic law with an open sea roughness coefficient*. This
results in a reduction factor of about 15% from CAMS5's lowest
model level, which is about 60 m. Looking at the maximum wind
speed distributions (Fig. 2a), the shapes of all the distributions are
similar, and the medians (diamonds on the x-axis) all cluster
between 30 and 31 m/s, with the largest difference between any
two medians being 2.9%. Only TCs with intensities greater than or
equal to 20 m/s are included in the median calculations and in the
subsequent TC precipitation analysis. While the AMIP Historical
and AMIP Future medians of the maximum wind speed
distributions are very similar, the median of the AMIP Future
lifetime maximum wind speed distribution is about 5% (1.5%
per K) higher than the AMIP Historical median (not shown). This is
consistent, albeit on the low side of the range, with the future
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Fig. 2 Distributions of two measures of TC intensity. Relative frequencies of TC intensities, measured by the a maximum low-level wind
speed [m/s] and b minimum sea level pressure [hPa], for observations (blue), AMIP Historical (purple), AMIP Future (pink), and RCEMIP (black).
Only TCs over the ocean with center locations between 5° and 20° latitude in both hemispheres are included. Medians of the distributions are

marked by the diamonds on the x-axis.
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Fig. 3 Radial profiles of TC precipitation over different TC-local SSTs. Mean radial profiles of 6-hourly TC precipitation rates [mm/day] for
different SSTs for a observations, b AMIP Historical, ¢ AMIP Future, and d RCEMIP. For the observations and the two AMIP simulations, the TCs
are binned into 1 K bins centered on each SST value (e.g., the 300 K bin includes 299.5 K to 300.5 K), and different colored profiles represent

the different SSTs as noted in the legends.

projections of TC lifetime maximum intensity from Knutson et al.33

of 0.5-5% per K. Looking at the MSLP distributions (Fig. 2b), the
observed distribution has the lowest median of 980.0 hPa,
followed by RCEMIP at 981.8 hPa, AMIP Future at 984.6 hPa, and
AMIP Historical at 984.9 hPa. The distributions again have similar
shapes and medians, with a maximum 0.5% difference between
any two medians. While the TC intensity distributions in Fig. 2 do
not match exactly between the different datasets, this is to be
expected to an extent since 10-meter wind speeds in models are
not direct comparisons to those from IBTrACS. Model wind speeds
have different averaging periods and must be adjusted down to
10 meters from the lowest model level. It has also been shown
that TC intensities do not impact TC precipitation scaling rates
nearly as much as thermodynamic warming'>*°, so any small
differences in TC intensity distributions are unlikely to greatly
affect the overall results.

SST dependence of TC precipitation

Focusing on precipitation characteristics, the mean radial profiles of
the 6-hourly TC precipitation rates separated by TC local-SST are
shown in Fig. 3. The profiles are only plotted for SSTs that have at
least 100 samples, and these are the SSTs for each dataset that are
used for all TC precipitation analysis. In all of the radial profiles,
precipitation rates decrease with increasing distance from the TC
center, as expected based on previous work on TC precipitation
structure®”. The AMIP Historical inner-core precipitation magnitudes
are larger than the observed values for the same SSTs. This has
been demonstrated for TCs in CAMS5 in at least one previous study?®
and could be related to the relationship between the model's
physics timestep and the partitioning between large-scale and
parameterized precipitation in CAM5>"°2, Moon et al.>* also found
higher peak inner-core 6-hourly precipitation rates compared to
observations in HighResMIP model simulations®* with similar grid
spacings as the AMIP simulations in this study. For the common
SSTs between AMIP Historical and AMIP Future (301-303 K), the
peak precipitation rates are lower or about the same for AMIP
Future. This may be because the background SST in AMIP Future is
warmer than in AMIP Historical by about 3 K, but weak TCs still exist
(Fig. 2). While TCs in AMIP Historical over 301-303 K SSTs are likely
to be more intense since these are very warm SSTs for the current
climate, there are less and weaker TCs over this SST range in AMIP
Future. Another possible explanation is an increase in atmospheric
stability in the future climate®>>® over this SST range, which could
decrease extreme precipitation rates in the AMIP Future storms
compared to AMIP Historical storms. In all datasets, increasing SST
leads to increases in precipitation rate. The change in precipitation
rate, however, is not uniform in space: changes in the TC inner-core
appear larger than changes farther from the TC center, especially in
the models. The observations suggest a more uniform increase in
precipitation rate with SST. The response of inner-core precipitation
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to SST warming in the observations in Fig. 3 appears to contradict
the decreasing trend in average inner-core precipitation rates found
using about 20 years of TRMM data®’°5>7, However, we argue these
results do not disagree with each other but instead suggest that the
present-day relationship between inner-core TC precipitation and
SST is different than the pattern of TC precipitation structure
change over time. It is also possible that our results are different
due to different precipitation and SST datasets, analysis time
periods, and latitude limits.

Figure 4 shows the relationship between two metrics of
6-hourly TC precipitation rates (99th percentile within the radius
of the 8 m/s tangential wind speed, r8, in panel a and mean within
1° from the TC center in panel b) and SST. These plots are
motivated by Figure 4 in Zhang et al.*8 and details of how the
scaling rates are calculated are in the section “Scaling rate
calculations”. Looking at the magnitudes of the precipitation
metrics, there is some spread between the datasets, with
observations having the highest 99th percentiles consistently.
This may seem to contradict Fig. 3, but looking at the mean
precipitation within 1°, the observational values are smaller than
AMIP Historical. This shows that IMERG has higher extreme
precipitation values than AMIP Historical but lower precipitation
averaged within the TC inner-core. The RCEMIP simulations have
the lowest magnitudes for both metrics across all SSTs. This may
seem counter-intuitive since TCs in the idealized RCEMIP
simulations have similar intensities as the AMIP simulations and
observations (Fig. 2) and do not encounter SST gradients or high
wind shear. More work comparing TC precipitation in RCEMIP
simulations to observations is needed but is beyond the scope of
this study.

The slopes of the lines in Fig. 4 represent the apparent scaling
of each precipitation metric. For visual comparison, the light gray
lines in the background show the C-C rate (7% per K). The
estimated apparent scaling rate for each line and the 95%
confidence intervals for the rate are noted in the plot legends, and
an explanation of the calculation of these values is in the section
“Scaling rate calculations”. For the 99th percentile TC precipitation,
the observed apparent scaling is the smallest at 6.1% per K while
the largest is AMIP Historical at 9.5% per K. AMIP Future and
RCEMIP have similar scaling rates at 7.7% and 8.0% per K,
respectively. For the mean precipitation within 1°, the observed
scaling rate is the largest at 9.8% per K while the smallest is
RCEMIP at 5.9% per K. AMIP Historical and Future are closer to the
RCEMIP rate at 6.3% and 6.0% per K, respectively. These results
show that the apparent scaling of TC precipitation can depend on
precipitation metric. While the apparent scaling rates do not
match exactly between observations and models, their 95%
confidence intervals overlap. Note that the 8.0% per K scaling rate
for 99th percentile precipitation in RCEMIP is different than the
8.6% per K value from Stansfield and Reed'3. This is because the
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Fig. 4 Two metrics of TC precipitation and their relationship to TC-local SST. a 99th percentile of 6-hourly TC precipitation rates within r8
and b mean of 6-hourly TC precipitation rates within 1° of the TC center, binned by SST, for observations (blue), AMIP Historical (purple), AMIP
Future (pink), and RCEMIP (black). The y-axis is on a logarithmic scale, and the units of precipitation rate are mm/day. Values are binned into 5
SST bins that each have approximately the same number of samples. The thin dashed colored lines show the exponential regression fit. The
light gray lines in the background show the C-C rate. The thick dotted purple line shows the AMIP Historical line multiplied by 0.07 and by the
difference in global mean SST between AMIP Historical and AMIP Future (3.3 K). The shaded regions behind the lines show the 95%
confidence intervals, calculated using bootstrapping with 10,000 repetitions with replacement. Numbers in the legends are the apparent
scaling of the precipitation metric, shown with 95% confidence intervals estimated using a student’s t-distribution.

rates are calculated in slightly different ways and because in this
paper the latitude limits for the analysis are 5°-20° while in the
previous paper they were 40°S-40°N.

In the Supplementary Information, we explore how the
apparent scaling can depend on the TC precipitation extraction
radius, the exclusion or inclusion of non-precipitating points, and
the choice of SST bins. Generally the apparent scaling is the most
consistent between all the variations for the RCEMIP simulations,
likely because the TCs in those simulations do not encounter
many factors that impact TC precipitation in the real world, like
large vertical wind shear or SST gradients. The apparent scaling
rates between AMIP Historical and AMIP Future tend to be fairly
similar, varying by a maximum of 4.4% per K across the
methodologies. The observational scaling rates vary depending
on the analysis choice but range between around the C-C scaling
to just over double the C-C scaling. This variability in apparent
scaling rate with different analysis choices is unsurprising in light
of Fig. 3. If the change in TC precipitation with SST varies in the
radial dimension, then any metric that uses a spatial averaging
length would indicate different scaling rates with different
averaging lengths.

The slope between the AMIP Historical and AMIP Future lines in
Fig. 4 represents the climate scaling between those two
simulations. Where the AMIP Future line is in relation to the AMIP
Historical line shows how the magnitude of the climate scaling
relates to the magnitude of the AMIP Historical apparent scaling
(see Figure 3 in Zhang et al.>® for a schematic explanation). The
thick dotted purple line shows the AMIP Historical line multiplied
by 0.07 (i.e., the C-C rate) and by the difference in the mean SSTs
under TCs between AMIP Historical and AMIP Future (3.3 K), which
shifts the line by 7% per K. If the AMIP Future results were to
exactly line up with this dotted purple line, this would indicate
that the climate scaling of the AMIP simulations is following C-C.
The AMIP Future line is shifted right downward compared to the
AMIP Historical line for both precipitation metrics, indicating the
apparent scaling is larger than the climate scaling, and is slightly
below the dashed purple line, meaning the climate scaling should
be below C-C. Note that since the apparent scaling is larger than
the climate scaling and the AMIP Future line is shifted right

Published in partnership with CECCR at King Abdulaziz University

downward compared to the AMIP Historical line, it is expected
that the AMIP Future line will be below the AMIP Historical line at
their common SSTs. The climate scaling is 4.9% per K for 99th
percentile precipitation, with a range from 4.2 to 6.4% per K, and
4.7% per K for mean precipitation within 1°, with a range from 3.6
to 6.1% per K (see section “Scaling rate calculations” for details of
the calculation). If the climate scaling is instead calculated using
the percentage difference between the medians of all precipita-
tion within r8 for AMIP Historical and AMIP Future, which is the
method used in many previous studies of TC precipitation
scaling®3, the rate is 5.0% per K. One reason the climate scaling
may be less than the C-C scaling is because in AMIP Future, the
tropical-mean atmospheric moisture deficit is larger than in AMIP
Historical (not shown), meaning this relatively drier air may be
ventilated into the TCs in AMIP Future and decrease their
precipitation rates.

If the climate scaling is calculated for RCEMIP by splitting the
dataset into cooler and warmer halves (i.e, 299-302 K and
302-305 K), the rates are 7.7% per K for 99th percentile and 5.1%
per K for mean precipitation, which are within the confidence
intervals for the apparent scaling for both metrics. These values
are both larger than the climate scaling in the AMIP simulations,
with the value for mean precipitation within 1° being more similar.
It is possible that the larger climate scaling in RCEMIP is caused by
different TC characteristics compared to the AMIP simulations,
such as the greater increase in lifetime maximum intensity with
increasing SST or the larger mean size of the outer TC circulation
(not shown). The apparent scaling rate for the 299-302 K RCEMIP
simulations is 9.3% per K for 99th percentile precipitation and
8.8% per K for mean precipitation. For 302-305 K, the 99th
percentile apparent scaling is 8.0% per K and the mean
precipitation apparent scaling is 5.8% per K. For both TC
precipitation metrics, the apparent scaling is lower for the
302-305 K simulations compared to the 299-302 K simulations.
This is consistent with the change in apparent scaling when
comparing the AMIP Historical to AMIP Future; therefore, both the
RCEMIP and AMIP simulations suggest that the apparent scaling of
TC precipitation may decrease in the future as SSTs warm.
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DISCUSSION

As air and ocean temperatures warm due to climate change, it is
expected that extreme precipitation will increase over most of the
globe®®. Understanding how changes in the storm systems that
produce extreme precipitation will impact the precipitation itself is
challenging. A lack of long-term, high-resolution observations over
the tropical oceans has made this task especially difficult for TCs.
This work explores two TC precipitation scaling rates in the
context of CAM5 simulations and observations: (a) the apparent
scaling, which is the present-day variability between TC precipita-
tion and SST and (b) the climate scaling, which is the long-term
response of TC precipitation to SST warming. The main results of
this paper are:

® The apparent scalings of TC precipitation are all around the
Clausius—Clapeyron rate of 7% per K and compare well
between models and observations.

® The climate scaling is estimated to be about 5% per K, smaller
than the apparent scalings and the Clausius—Clapeyron rate.

® Scaling rate values can depend on various analysis choices,
such as precipitation metric and averaging radius around the
TC center.

All of the apparent scaling rates for TC precipitation calculated
in this work are positive. This is different than the negative rates
found in Traxl et al.2" when only TC precipitation was isolated and
is likely a result of the temporal frequency of the SST datasets.
Their argument is that the broad TC wind fields and large-scale
cirrus cloud cover lead to SST cooling that precedes the storm
itself and its heaviest precipitation rates, resulting in a negative
apparent scaling between TC precipitation and SST. While Traxl
et al?' used hourly SSTs from ERAS5, this analysis used daily
observed SSTs. Cold wakes from previous TC passages do appear
in daily mean SSTs®°, but daily mean SSTs are not likely to see as
large of a preceding cooling effect from outer TC winds and cloud
cover as hourly SSTs, which could explain the discrepancy
between the results presented here and in Traxl et al.2".

The apparent scaling rates depend on precipitation metric and
other analysis choices (see Supplementary Table 1). The authors
want to emphasize that these results are not implying that one TC
precipitation metric is better than any others, but that future work
should choose precipitation metrics based on their specific
application®' and consider using multiple metrics to see if their
results are consistent for various metrics. The apparent scaling rate
ranges between 6.1 and 9.5% per K for the 99th percentile within
r8 and 5.9 and 9.8% per K for the mean within 1° from the TC
center. For the observations, the rate is smaller for 99th percentile
than for mean storm inner-core precipitation (within 1°), but the
opposite is true for all of the model simulations. Xi et al.5?
calculated the scaling of TC precipitation within 600 km from the
storm center in Weather Research and Forecast (WRF) model
simulations with 3 km grid spacing. These simulations had
domain-constant and time-invariant SSTs ranging from about
299 to 307 K. They found a TC precipitation scaling of 9% per K,
which is similar to the RCEMIP apparent scaling of 8% per K for
99th percentile precipitation although their study used a different
precipitation metric and different model set-up.

The climate scaling calculated between the AMIP Historical and
AMIP Future was just under 5% per K for both 99th percentile and
mean TC precipitation within 1°. While the CAM5 AMIP TC
precipitation climate scaling rate is less than the apparent scaling
in the model simulations and observations, there is no clear
theoretical model or framework linking the apparent and climate
scaling rates, so it is difficult to argue whether we expect this
qualitative relationship to hold in observations and other models.
Previous work using a hindcast attribution approach for Hurri-
canes Florence and Dorian found that climate change increased
the total precipitation accumulations from these storms by about
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5-7% per K%%* however, accumulated precipitation may be
influenced by other TC characteristics that do not influence inner-
core extreme precipitation rates as much, like storm translation
speed, so the climate scaling for accumulated precipitation may
be different than extreme precipitation rates. When using a similar
methodology on the entire 2020 North Atlantic Hurricane season,
Reed et al% found increases in 3-hourly 99th percentile
precipitation rates of about 14% per K for all storms of at least
tropical storm strength. Liu et al.3? used current and future climate
simulations with the HiIFLOR model and estimated increases in
mean 6-hourly TC precipitation rates within 100 km of the center
(comparable to the mean 6-hourly precipitation rates within 1°
used in this paper) of 13 to 17% per K, dependent on ocean basin.
This climate scaling is more than double the one estimated with
the CAM5 AMIP simulations presented here, but this may be
because the HiFLOR simulates 2.0-5.4% per K increase in mean TC
intensity while our change in mean intensity between AMIP
Historical and Future is about 1% per K. Their HiFLOR simulations
were also coupled to an ocean model while the CAM5 AMIP
simulations were forced with SST boundary conditions. Our results
suggest that the climate scaling of TC precipitation has a smaller
magnitude than the apparent scaling of TC precipitation, and this
result is the same for both precipitation metrics analyzed in this
paper. A potential explanation for the smaller climate scaling is an
increase in the atmospheric moisture deficit throughout the
troposphere in warmer climates (not shown). This indicates that
using the apparent scaling to project future changes in TC
precipitation in response to long-term climate warming would be
inaccurate, since the apparent and climate scaling rates are
different.

When studying the response of TC precipitation to warming, it
is important to clarify which TC scaling rate (apparent or climate) is
being estimated. In the case of RCEMIP simulations with fixed
SSTs, it is not clear which scaling rate is being studied by
comparing precipitation rates between runs with different SSTs.
The TCs do not experience SST variability so the scaling rate is not
the apparent scaling rate. On the other hand, the TCs only
respond to total-domain SST warming and do not experience
other changes that are expected to occur with climate change and
impact TC precipitation, such as relative SST change in the
tropics®®%” and shifts in wind shear®®. This means that the scaling
rate calculated from these RCEMIP simulations is not exactly a
climate scaling either. When estimating the climate scaling by
breaking the RCEMIP simulations into warmer and cooler halves,
the scaling rates are larger than the climate scaling estimated
using the AMIP simulations, suggesting that the RCEMIP simula-
tions may overestimate TC precipitation’s response to warming
SSTs. While the authors are not arguing that RCEMIP simulations
are not useful to study TCs and their precipitation, it is important
to consider what these types of simulations can imply about the
real world.

As the high-resolution observational record of TC precipitation
lengthens, more insights will be gained about its sensitivity to
climate change. To try to understand this sensitivity at present,
model simulations are beneficial, but do have limitations. Global
climate models with resolutions of tens of kilometers have
parameterized convection, which may cause unrealistic responses
of precipitation to climate warming. It also may be important for
models to have coupled ocean models in order to accurately
simulate the relationship between TC precipitation and SST. TCs
typically have a cooling effect on SSTs due to their high winds
mixing up cooler ocean water from below the surface®®, and this
cooling impacts precipitation rates within the storm®. This effect
of TCs on SSTs is likely not fully captured in the SST boundary
conditions used to force AMIP-style (or RCEMIP-style) runs. Future
work should include exploring the relationship between SST and
TC precipitation in fully-coupled model runs and in next-
generation global models without parameterized convection.
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In summary, CAM5 shows limitations in the ability to represent
the TC precipitation apparent scaling with SST when compared to
observations, but all of the rates are in the same magnitude range
(within 4% per K) and their 95% confidence intervals overlap.
More work is needed to examine what is causing these biases. It is
possible that these results could be specific to CAM5; therefore,
future work could entail extending this work to different climate
models. For all of the datasets, the apparent scaling rates varied
based on various analysis choices, such as averaging radius;
therefore for future work on TC precipitation scaling, the authors
recommend using multiple precipitation metrics or focusing on
specific metrics that would be most useful for hydrologic models
that can project TC flooding. The climate scaling calculated from
the two CAM5 AMIP simulations was just under 5% per K for both
precipitation metrics used in this paper. Based on CMIP6 model
projections of the global mean SST in 2071-2100 under the
SSP245 and SSP585 scenarios, the multi-model mean SST will be
about 1.5 K or 2.8 K warmer, respectively, than the global mean
SST in 1985-2014 in the CMIP6 Historical simulations”®. Using our
estimate of the TC climate scaling, we expect extreme precipita-
tion rates and mean inner-core rates in TCs to increase by 7.5%
(i.e., 5% per K* 1.5 K) for SSP245 or 14.0% (i.e., 5% per K * 2.8 K) for
SSP585 by the end of the century. That increase would be the
change from the background increase in temperatures due to
climate change, but it is important to mention that some TCs may
see larger increases in precipitation rates due to SST variability (i.e.,
the apparent scaling) or changes in other characteristics that
influence TC precipitation, such as TC translation speed or vertical
wind shear. How much precipitation from TCs increases in the
future has important implications for coastal communities and
infrastructure around the world.

METHODS
Datasets

Six-hourly TC track and intensity observations are sourced from
the International Best Track Archive for Climate Stewardship
(IBTrACS) database*’. The SSTs are from the NOAA Optimum
Interpolation (OISST), version 2, database®®*!, which has daily
temporal resolution and 0.25° spatial resolution. It incorporates
SST data from ships, buoys, and a satellite radiometer. The
precipitation data is from the Integrated Multi-satellitE Retrievals
for GPM (IMERG) algorithm3°. The data is derived from multiple
satellite passive microwave sensors from the GPM constellation,
and the final run is calibrated using monthly rain gauge
accumulations. The product is available on a 0.1° spatial grid at
half-hourly time intervals. For this analysis, the half-hourly data is
converted to 6-hourly to match the other datasets. Observational
analysis is limited to 2001-2020 due to the availability of IMERG.

The realistic model simulations are completed with the
Community Atmosphere Model (CAM), version 57", The first is an
Atmospheric Model Intercomparison Project (AMIP)”? simulation
forced with observed SSTs”3 from 1980 to 2012. It will be known
as “AMIP Historical" throughout this paper. This simulation has
been used previously to study the impact of the model dynamical
core on TCs”* and the impact of dust on North Atlantic TCs”>. The
second is a simulation run under the RCP8.5 for 2079-2099, which
has been utilized, in addition to the AMIP Historical simulation, to
understand how TCs and their precipitation may change in the
future’®. This simulation was forced with bias-corrected SSTs from
a fully-coupled Community Earth System Model (CAM’s parent
model) simulation run under the RCP8.5 scenario. More details
about the SSTs used to force this future CAM5 simulation and the
characteristics of TCs in the simulation can be found in Bacmeister
et al.”®. For convenience, this RCP8.5 simulation will be referred to
as “AMIP Future". The horizontal grid spacing for both AMIP
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Historical and AMIP future is about 28 km globally. All output is
converted to 6-hourly temporal frequency.

The idealized model simulations are described in detail in
Stansfield and Reed'3. They are also CAMS5 simulations but run in a
state of radiative-convective equilibrium (RCE). These simulations
followed the protocols of the Radiative Convective Equilibrium
Model Intercomparison Project (RCEMIP)”” and utilized the preset
Community Earth System Model (CESM) compset’®. The only
modification made to the CESM RCEMIP compset is that rotation is
added by setting the planetary rotation rate to that of the real
Earth. The simulations have no diurnal or seasonal cycles, and the
SST is globally-uniform. SSTs vary between 295 and 305 K in 1 K
increments, adding up to a total of 11 simulations, although only
the 299 to 305 K simulations are used for this analysis to match
the SSTs found under the TCs in observations and the realistic
model simulations. The horizontal grid spacing is approximately
28 km over the whole globe, the same as the two AMIP
simulations. The simulations are run for 2 years with the first
2 months discarded to allow for spin-up time. Similar simulations
have been used to study planetary dynamic controls on TC
structure®®7989 and the impact of SST on TC counts and
intensities®>8'. The model output and TC track data are publicly
available®2. The data are converted from 3-hourly to 6-hourly
output. This dataset will be referred to as “RCEMIP".

TC tracking and precipitation extraction

All TC tracking, precipitation extraction, and compositing are
performed using the TempestExtremes software package®384, TC
tracking parameters are detailed in Stansfield and Reed'? for the
RCEMIP simulations. For AMIP Historical and Future, tracking
settings are based on those used in Bacmeister et al.”®. Bacmeister
et al.”® used a different TC tracker, so an effort was made to adjust
TempestExtremes parameters to ensure that annual TC counts
closely match those in Bacmeister et al.”®. The annual mean TC
count for AMIP Historical using our TempestExtremes settings is
70 compared to 71 in Bacmeister et al.”%. For AMIP Future, our
settings produce an annual mean TC count of 56 compared to 58
in Bacmeister et al.”. The command line used to track TCs in the
AMIP Historical and Future simulations using TempestExtremes is
reproduced below:

./DetectNodes -—-in_data_list "Sinfiles"
-—timestride 2
--in_connect Sconnectivityfile --out

Soutfiles"

—--closedcontourcmd
PSL,400.0,3.0,0;_DIFF(Z200,Z500),-
10.0,2.0,1.0"

--mergedist 5.0 -—-searchbymin PSL

—--outputcmd PSL,min,0;_VECMAG(U10,V10),-
max,2;PHIS,max,0"

./StitchNodes --format 1lon,lat,slp,wind,-
phis" --range 4.0

--mintime 72h" --maxgap O --in Soutfiles"

--out $trackfilename"

--threshold wind,>=,17.0,11;1lat,<=,50.0,10;

lat,>=,-50.0,10;phis,<=,150.0,10"

TC precipitation extraction is performed using the radius of the
8 m/s tangential wind speed (r8) as in Stansfield et al.2%. For the
observations, r8s are calculated using 10-meter wind output from
ERA52°, again as in Stansfield et al.?>. Precipitation extraction and
subsequent scaling analysis is also done using a 5° great-circle
distance (GCD) and a 1° GCD to compare the impact of using
different extraction radii. At each timestep in each TC's lifetime,
extracted TC precipitation is re-gridded onto a common 0.25° grid
centered on the TC center location using TempestExtreme’s
NodeFileComposite function. This 0.25° grid is chosen to match
the 28 km spacing of the CAM5 native grid. For observations, AMIP
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Historical, and AMIP Future, only timesteps when the TCs' center
points are over the ocean are included. This choice is made to
isolate the TCs that are likely to be most similar to TCs in the
RCEMIP simulations, since landfall can greatly impact the structure
and precipitation of a TC*":86,

TC local-SST calculation

To calculate the SST local to the TC, TempestExtreme’s NodeFi-
leComposite function is used again. All SST data is re-gridded onto
the same 0.25° common grid, centered on each TC's center
location output from the TC tracker or from IBTrACS observations
and that extends out about 5° in each direction. The SST is then
averaged over this spatial grid at each timestep to calculate the TC
local-SST. The sensitivity of results to the size of the SST composite
grid was tested by halving the size of the grid, and the results
were impacted very little.

Scaling rate calculations

Before calculating the scaling rates, the TC precipitation is first
binned by the TC local-SST. The data are divided into 5 bins of
approximately equal sample size, and a precipitation metric (i.e.,
either 99th percentile or mean) is calculated for each bin. Note
that when calculating the precipitation metrics, only precipitating
points (values greater than 0 mm/day) are included. The apparent
scaling rate of TC precipitation is estimated using an exponential
regression by fitting a least-squares linear regression to the
logarithm of the precipitation metrics across the 5 bins. The
middle of each SST bin is used in the regression. This method is
commonly used to estimate the apparent extreme precipitation-
temperature scaling®'®?!, To estimate the climate scaling, a
methodology very similar to that described in Zhang et al.>® is
utilized. Where Py, is the precipitation metric in a specific bin
from AMIP Historical, Pg,, is the AMIP Future precipitation metric in
the same bin, 8T is the difference in SST between AMIP Historical
and AMIP Future in that bin, and 8 is the climate scaling rate for
that bin, Iog% = (1+B)°". B is calculated for each of the 5 bins,
and the median is reported as the climate scaling between AMIP
Historical and AMIP Future.

DATA AVAILABILITY

The International Best Track Archive for Climate Stewardship (IBTrACS)*? database is
available online at https://www.ncei.noaa.gov/products/international-best-track-
archive. The NOAA Optimum Interpolation Sea Surface Temperature (OISST), version
2, database®®! is available at https://www.ncei.noaa.gov/products/optimum-
interpolation-sst. Integrated Multi-satellitE Retrievals for GPM (IMERG) data®® is
available for download at https://gpm.nasa.gov/data/imerg. ERA5?° data is available
for download at https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/
era5. The CAM5 AMIP simulation (Historical and Future) output is stored on the
National Energy Research Scientific Computing Center’s High-Performance Storage
System (HPSS), available via Globus Endpoint. The CAM5 RCEMIP simulation output is
documented and available for download®2. The CMIP6 model output used in this
manuscript is available for download at https://cds.climate.copernicus.eu/cdsapp#!/
dataset/projections-cmip6?tab=form.

CODE AVAILABILITY

All code is available upon request to Alyssa Stansfield.

Received: 2 November 2022; Accepted: 25 May 2023;
Published online: 05 June 2023

REFERENCES

1. Doocy, S., Daniels, A, Murray, S. & Kirsch, T. D. The human impact of floods: a
historical review of events 1980-2009 and systematic literature review. PLoS Curr. 5,
https://doi.org/10.1371/currents.dis.f4deb457904936b07c09daa98ee8171a (2013).

npj Climate and Atmospheric Science (2023) 60

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

. Franzke, C. L. & Torell6 i Sentelles, H. Risk of extreme high fatalities due to

weather and climate hazards and its connection to large-scale climate variability.
Clim. Change 162, 507-525 (2020).

. Allen, M. R. & Ingram, W. J. Constraints on future changes in climate and the

hydrologic cycle. Nature 419, 228-232 (2002).

. Trenberth, K. E., Dai, A, Rasmussen, R. M. & Parsons, D. B. The changing character

of precipitation. Bull. Am. Meteorol. Soc. 84, 1205-1218 (2003).

. Lenderink, G, Mok, H., Lee, T. & Van Oldenborgh, G. Scaling and trends of hourly

precipitation extremes in two different climate zones-Hong Kong and the
Netherlands. Hydrol. Earth Syst. Sci. 15, 3033-3041 (2011).

. Mishra, V., Wallace, J. M. & Lettenmaier, D. P. Relationship between hourly

extreme precipitation and local air temperature in the United States. Geophys.
Res. Lett. 39, https://doi.org/10.1029/2012GL052790 (2012).

. Lenderink, G., Barbero, R, Loriaux, J. & Fowler, H. Super-Clausius-Clapeyron

scaling of extreme hourly convective precipitation and its relation to large-scale
atmospheric conditions. J. Clim. 30, 6037-6052 (2017).

. Wasko, C, Parinussa, R. M. & Sharma, A. A quasi-global assessment of changes in

remotely sensed rainfall extremes with temperature. Geophys. Res. Lett. 43,
12659-12668 (2016).

. Fowler, H. J. et al. Anthropogenic intensification of short-duration rainfall

extremes. Nat. Rev. Earth Environ. 2, 107-122 (2021).

. Risser, M. D. & Wehner, M. F. Attributable human-induced changes in the like-

lihood and magnitude of the observed extreme precipitation during Hurricane
Harvey. Geophys. Res. Lett. 44, 12-457 (2017).

. Van Oldenborgh, G. J. et al. Attribution of extreme rainfall from Hurricane Harvey,

August 2017. Environ. Res. Lett. 12, 124009 (2017).

. Patricola, C. M. & Wehner, M. F. Anthropogenic influences on major tropical

cyclone events. Nature 563, 339 (2018).

. Stansfield, A. M. & Reed, K. A. Tropical cyclone precipitation response to surface

warming in aquaplanet simulations with uniform thermal forcing. J. Geophys. Res.
Atmos. 126, https://doi.org/10.1029/2021JD035197 (2021).

. Li, R. L, Studholme, J. H., Fedorov, A. V. & Storelvmo, T. Precipitation efficiency

constraint on climate change. Nat. Clim. Change 12, 642-648 (2022).

. Wang, G. et al. The peak structure and future changes of the relationships

between extreme precipitation and temperature. Nat. Clim. Change 7, 268-274
(2017).

. Utsumi, N., Seto, S., Kanae, S., Maeda, E. E. & Oki, T. Does higher surface tem-

perature intensify extreme precipitation? Geophys. Res. Lett. 38, https://doi.org/
10.1029/2011GL048426 (2011).

. Maeda, E. E, Utsumi, N. & Oki, T. Decreasing precipitation extremes at higher

temperatures in tropical regions. Nat. Hazards 64, 935-941 (2012).

. Hardwick Jones, R, Westra, S. & Sharma, A. Observed relationships between

extreme sub-daily precipitation, surface temperature, and relative humidity.
Geophys. Res. Lett. 37, https://doi.org/10.1029/2010GL045081 (2010).

. Ali, H., Peleg, N. & Fowler, H. J. Global scaling of rainfall with dewpoint tem-

perature reveals considerable ocean-land difference. Geophys. Res. Lett. 48,
2021-093798 (2021).

Copernicus Climate Change Service (C3S). ERAS5: Fifth Generation of ECMWF
Atmospheric Reanalyses of the Global Climate. Copernicus Climate Change Service
Climate Data Store (CDS). https://cds.climate.copernicus.eu/cdsappi#!/home/
(2017).

Traxl, D., Boers, N., Rheinwalt, A. & Bookhagen, B. The role of cyclonic activity in
tropical temperature-rainfall scaling. Nat. Commun. 12, 1-9 (2021).

O’Gorman, P. A. Sensitivity of tropical precipitation extremes to climate change.
Nat. Geosci. 5, 697 (2012).

O’Gorman, P. A. Precipitation extremes under climate change. Curr. Clim. Change
Rep. 1, 49-59 (2015).

Muller, C. J,, O'Gorman, P. A. & Back, L. E. Intensification of precipitation extremes
with warming in a cloud-resolving model. J. Clim. 24, 2784-2800 (2011).
Romps, D. M. Response of tropical precipitation to global warming. J. Atmos. Sci.
68, 123-138 (2011).

O’Gorman, P. A, Li, Z., Boos, W. R. & Yuval, J. Response of extreme precipitation to
uniform surface warming in quasi-global aquaplanet simulations at high reso-
lution. Philos. Trans. Royal Soc. A 379, 20190543 (2021).

Guzman, O. & Jiang, H. Global increase in tropical cyclone rain rate. Nat. Commun.
12, https://doi.org/10.1038/541467-021-25685-2 (2021).

Shearer, E., Gorooh, V. A., Nguyen, P., Hsu, K.-I. & Sorooshian, S. Unveiling four
decades of intensifying precipitation from tropical cyclones using satellite
measurements. Sci. Rep. 12, https://doi.org/10.1038/541598-022-17640-y
(2022).

Villarini, G. et al. Sensitivity of tropical cyclone rainfall to idealized global-scale
forcings. J. Clim. 27, 4622-4641 (2014).

Kim, H.-S. et al. Tropical cyclone simulation and response to CO, doubling in the
GFDL CM2. 5 high-resolution coupled climate model. J. Clim. 27, 8034-8054
(2014).

Published in partnership with CECCR at King Abdulaziz University


https://www.ncei.noaa.gov/products/international-best-track-archive
https://www.ncei.noaa.gov/products/international-best-track-archive
https://www.ncei.noaa.gov/products/optimum-interpolation-sst
https://www.ncei.noaa.gov/products/optimum-interpolation-sst
https://gpm.nasa.gov/data/imerg
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://cds.climate.copernicus.eu/cdsapp#!/dataset/projections-cmip6?tab=form
https://cds.climate.copernicus.eu/cdsapp#!/dataset/projections-cmip6?tab=form
https://doi.org/10.1371/currents.dis.f4deb457904936b07c09daa98ee8171a
https://doi.org/10.1029/2012GL052790
https://doi.org/10.1029/2021JD035197
https://doi.org/10.1029/2011GL048426
https://doi.org/10.1029/2011GL048426
https://doi.org/10.1029/2010GL045081
https://cds.climate.copernicus.eu/cdsapp#!/home/
https://doi.org/10.1038/s41467-021-25685-2
https://doi.org/10.1038/s41598-022-17640-y

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

. Knutson, T. R. et al. Global projections of intense tropical cyclone activity for the
late twenty-first century from dynamical downscaling of CMIP5/RCP4. 5 scenar-
ios. J. Clim. 28, 7203-7224 (2015).

Liu, M., Vecchi, G. A, Smith, J. A. & Knutson, T. R. Causes of large projected
increases in hurricane precipitation rates with global warming. NPJ Clim. Atmos.
Sci. 2, 1-5 (2019).

Knutson, T. R. et al. Tropical cyclones and climate change assessment: Part II.
Projected response to anthropogenic warming. Bull. Am. Meteorol. Soc. 101,
303-322 (2020).

Pfahl, S., O'Gorman, P. A. & Fischer, E. M. Understanding the regional pattern of
projected future changes in extreme precipitation. Nat. Clim. Change 7, 423-427
(2017).

Fildier, B., Parishani, H. & Collins, W. Simultaneous characterization of mesoscale
and convective-scale tropical rainfall extremes and their dynamical and ther-
modynamic modes of change. J. Adv. Model. Earth Syst. 9, 2103-2119 (2017).
Prat, O. P. & Nelson, B. R. On the link between tropical cyclones and daily rainfall
extremes derived from global satellite observations. J. Clim. 29, 6127-6135
(2016).

Zhao, M. A study of AR-, TS-, and MCS-associated precipitation and extreme
precipitation in present and warmer climates. J. Clim. 35, 479-497 (2022).
Bower, E.,, Reed, K. A, Ullrich, P. A., Zarzycki, C. M. & Pendergrass, A. G. Quantifying
extreme precipitation throughout the entire tropical cyclone life cycle. J.
Hydrometeor. https://doi.org/10.1175/JHM-D-21-0153 (2022).

Huffman, G. J.,, Stocker, E. F., Bolvin, D. T, Nelkin, E. J. & Tan, J. GPM IMERG Final
Precipitation L3 Half Hourly 0.1 degree x 0.1 degree V06. Greenbelt, MD, Goddard
Earth Sciences Data and Information Services Center (GES DISC). Accessed: 18
Feb 2022. https://doi.org/10.5067/GPM/IMERG/3B-HH/06 (2019).

Huang, B. et al. Improvements of the daily optimum interpolation sea surface
temperature (DOISST) version 2.1. J. Clim. 34, 2923-2939 (2021).

Reynolds, R. W. et al. Daily high-resolution-blended analyses for sea surface
temperature. J. Clim. 20, 5473-5496 (2007).

Knapp, K. R, Kruk, M. C,, Levinson, D. H., Diamond, H. J. & Neumann, C. J. The
international best track archive for climate stewardship (IBTrACS) unifying tro-
pical cyclone data. Bull. Amer. Meteor. Soc. 91, 363-376 (2010).

Chavas, D. R. & Reed, K. A. Dynamical aquaplanet experiments with uniform
thermal forcing: system dynamics and implications for tropical cyclone genesis
and size. J. Atmos. Sci. https://doi.org/10.1175/JAS-D-19-0001.1 (2019).

Kossin, J. P., Emanuel, K. A. & Vecchi, G. A. The poleward migration of the location
of tropical cyclone maximum intensity. Nature 509, 349 (2014).

Sharmila, S. & Walsh, K. Recent poleward shift of tropical cyclone formation linked
to Hadley cell expansion. Nat. Clim. Change 8, 730-736 (2018).

Studholme, J., Fedorov, A. V., Gulev, S. K., Emanuel, K. & Hodges, K. Poleward
expansion of tropical cyclone latitudes in warming climates. Nat. Geosci. 15,
14-28 (2022).

Rios Gaona, M. F., Villarini, G., Zhang, W. & Vecchi, G. A. The added value of IMERG
in characterizing rainfall in tropical cyclones. Atmos. Res. 209, 95-102 (2018).
Lavender, S. L. & McBride, J. L. Global climatology of rainfall rates and lifetime
accumulated rainfall in tropical cyclones: influence of cyclone basin, cyclone
intensity and cyclone size. Int. J. Climatol. 41, 1217-1235 (2021).

Zarzycki, C. M. & Jablonowski, C. A multidecadal simulation of Atlantic tropical
cyclones using a variable-resolution global atmospheric general circulation
model. J. Adv. Model. Earth Syst. 6, 805-828 (2014).

Kim, D., Park, D.-S. R, Nam, C. C. & Bell, M. M. The parametric hurricane rainfall
model with moisture and its application to climate change projections. NPJ Clim.
Atmos. Sci. 5, 86 (2022).

Reed, K. A, Jablonowski, C. & Taylor, M. A. Tropical cyclones in the spectral
element configuration of the Community Atmosphere Model. Atmos. Sci. Lett. 13,
303-310 (2012).

Zarzycki, C. M. Sowing storms: How model timestep can control tropical cyclone
frequency in a GCM. J. Adv. Model. Earth Syst. 14, 2021-002791 (2022).

Moon, Y. et al. An evaluation of tropical cyclone rainfall structures in the High-
ResMIP simulations against satellite observations. J. Clim. 1-60 (2022).

Haarsma, R. J. et al. High resolution model intercomparison project (HighResMIP
v1. 0) for CMIP6. Geosci. Model Dev. 9, 4185-4208 (2016).

Walsh, K. et al. Real world and tropical cyclone world. Part II: Sensitivity of tropical
cyclone formation to uniform and meridionally varying sea surface temperatures
under aquaplanet conditions. J. Clim. 33, https://doi.org/10.1175/JCLI-D-19-
0079.1 (2020).

Tu, S. et al. Recent global decrease in the inner-core rain rate of tropical cyclones.
Nat. Commun. 12, 1-9 (2021).

Wei, N., Song, J., Dai, Y., Jiang, S., Duan, Y. Recent decrease in inner-core rain rate
of tropical cyclones over the western north pacific. Atmos. Sci. Lett. 1125, https://
doi.org/10.1002/asl.1125 (2022).

Zhang, X., Zwiers, F. W., Li, G,, Wan, H. & Cannon, A. J. Complexity in estimating
past and future extreme short-duration rainfall. Nat. Geosci. 10, 255-259 (2017).

Published in partnership with CECCR at King Abdulaziz University

A.M. Stansfield and KA. Reed

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

npj

Seneviratne, S. |. et al. Weather and climate extreme events in a changing climate.
1513-1766. https://doi.org/10.1017/9781009157896.013 (2021).

Dare, R. A. & McBride, J. L. Sea surface temperature response to tropical cyclones.
Mon. Weather Rev. 139, 3798-3808 (2011).

Reed, K. A. et al. Metrics as tools for bridging climate science and applications.
Wiley Interdiscip. Rev. Clim. Change 13, 799 (2022).

Xi, D, Wang, S. & Lin, N. Analyzing relationships between tropical cyclone
intensity and rain rate over the ocean using numerical simulations. J. Clim. 36,
81-91 (2023).

Reed, K. A, Stansfield, A. M., Wehner, M. F. & Zarzycki, C. M. Forecasted attribution
of the human influence on Hurricane Florence. Sci. Adv. 6, 9253 (2020).

Reed, K. A, Wehner, M. F,, Stansfield, A. M. & Zarzycki, C. M. Anthropogenic
influence on hurricane Dorian’s extreme rainfall. Bull. Am. Meteorol. Soc. 102, 9-15
(2021).

Reed, K. A, Wehner, M. F. & Zarzycki, C. M. Attribution of 2020 hurricane season
extreme rainfall to human-induced climate change. Nat. Commun. 13, 1-6 (2022).
Ramsay, H. A. & Sobel, A. H. Effects of relative and absolute sea surface tem-
perature on tropical cyclone potential intensity using a single-column model. J.
Clim. 24, 183-193 (2011).

Lin, Y., Zhao, M. & Zhang, M. Tropical cyclone rainfall area controlled by relative
sea surface temperature. Nat. Commun. 6, 1-7 (2015).

Vecchi, G. A. & Soden, B. J. Increased tropical Atlantic wind shear in model
projections of global warming. Geophys. Res. Lett. 34, https://doi.org/10.1029/
2006GL028905 (2007).

Huang, H., Patricola, C. M. & Collins, W. D. The influence of ocean coupling on
simulated and projected tropical cyclone precipitation in the HighResMIP-
PRIMAVERA simulations. Geophys. Res. Lett. 48, 2021-094801 (2021).

O'Neill, B. C. et al. The scenario model intercomparison project (ScenarioMIP) for
CMIP6. Geosci. Model Dev. 9, 3461-3482 (2016).

Neale, R. Coauthors: Description of the NCAR Community Atmosphere Model
(CAM5.0). NCAR Tech. Note NCAR/TN-486+STR, Natl. Cent. for Atmos. Res,
Boulder, Colo (2012).

Gates, W. L. An AMS continuing series: GLOBAL CHANGE—AMIP: the atmospheric
model intercomparison project. Bull. Amer. Meteor. Soc. 73, 1962-1970 (1992).
Hurrell, J. W., Hack, J. J., Shea, D., Caron, J. M. & Rosinski, J. A new sea surface
temperature and sea ice boundary dataset for the community atmosphere
model. J. Clim. 21, 5145-5153 (2008).

Reed, K. A. et al. Impact of the dynamical core on the direct simulation of tropical
cyclones in a high-resolution global model. Geophys. Res. Lett. 42, 3603-3608
(2015).

Reed, K. A. et al. Exploring the impact of dust on North Atlantic hurricanes in a
high-resolution climate model. Geophys. Res. Lett. 46, 1105-1112 (2019).
Bacmeister, J. T. et al. Projected changes in tropical cyclone activity under future
warming scenarios using a high-resolution climate model. Clim. Change 146,
547-560 (2018).

Wing, A. A. et al. Radiative-convective equilibrium model intercomparison pro-
ject. Geosci. Model Dev. 11, 793-813 (2018).

Reed, K. A, Silvers, L. G, Wing, A. A, Hu, |-K. & Medeiros, B. Using radiative
convective equilibrium to explore clouds and climate in the community atmo-
sphere model. J. Adv. Model. Earth Sys. 13, https://doi.org/10.1029/2021MS002539
(2021).

Chavas, D. R. & Emanuel, K. Equilibrium tropical cyclone size in an idealized state
of axisymmetric radiative—convective equilibrium. J. Atmos. Sci. 71, 1663-1680
(2014).

Reed, K. A. & Chavas, D. R. Uniformly rotating global radiative-convective equi-
librium in the Community Atmosphere Model, version 5. J. Adv. Model. Earth Syst.
7, 1938-1955 (2015).

Merlis, T. M., Zhou, W., Held, I. M. & Zhao, M. Surface temperature dependence of
tropical cyclone-permitting simulations in a spherical model with uniform ther-
mal forcing. Geophys. Res. Lett. 43, 2859-2865 (2016).

Stansfield, A. M. & Reed, K. A. CAM Global RCE simulations TC track, radial profiles,
and filtered precipitation files. Dryad. https://doi.org/10.5061/dryad.x3ffbg7jv
(2021).

Ullrich, P. A. & Zarzycki, C. M. TempestExtremes: a framework for scale scale-
insensitive pointwise feature tracking on unstructured grids. Geosci. Model Dev.
10, 1069-1090 (2017).

Ullrich, P. A. et al. TempestExtremes v2.0: a community framework for feature
detection, tracking and analysis in large datasets. Geosci. Model Dev. 14,
5023-5048 (2021).

Stansfield, A. M., Reed, K. A., Zarzycki, C. M., Ullrich, P. A. & Chavas, D. R. Assessing
tropical cyclones’ contribution to precipitation over the eastern united states and
sensitivity to the variable-resolution domain extent. J. Hydrometeor. 21,
1425-1445 (2020).

Kimball, S. K. Structure and evolution of rainfall in numerically simulated land-
falling hurricanes. Mon. Weather Rev. 136, 3822-3847 (2008).

npj Climate and Atmospheric Science (2023) 60


https://doi.org/10.1175/JHM-D-21-0153
https://doi.org/10.5067/GPM/IMERG/3B-HH/06
https://doi.org/10.1175/JAS-D-19-0001.1
https://doi.org/10.1175/JCLI-D-19-0079.1
https://doi.org/10.1175/JCLI-D-19-0079.1
https://doi.org/10.1002/asl.1125
https://doi.org/10.1002/asl.1125
https://doi.org/10.1017/9781009157896.013
https://doi.org/10.1029/2006GL028905
https://doi.org/10.1029/2006GL028905
https://doi.org/10.1029/2021MS002539
https://doi.org/10.5061/dryad.x3ffbg7jv

npj

A.M. Stansfield and K.A. Reed

10

ACKNOWLEDGEMENTS

The authors thank Dr. Brian Medeiros for his feedback and suggestions that
substantially improved the manuscript. Stansfield and Reed acknowledge the
support the Department of Energy Office of Science award number DE-SC0016605,
“A Framework for Improving Analysis and Modeling of Earth System and Intersectoral
Dynamics at Regional Scales.” Reed also recognizes partial support from NASA under
Grant 80NSSC19K0717 and the School of Marine and Atmospheric Sciences (SOMAS)
Seed Grant Program. We would like to acknowledge high-performance computing
support from Cheyenne (doi:10.5065/D6RX99HX) provided by NCAR’'s Computational
and Information Systems Laboratory, sponsored by the National Science Foundation.
This research used resources of the National Energy Research Scientific Computing
Center (NERSC), a U.S. Department of Energy Office of Science User Facility located at
Lawrence Berkeley National Laboratory, operated under Contract No. DE-AC02-
05CH11231.

AUTHOR CONTRIBUTIONS

A.M.S. performed the data analysis, made the figures, and wrote the initial draft of the
paper. K.AR. supervised the research, obtained funding, and edited the paper. Both
authors contributed to the development of the ideas presented in the paper.

COMPETING INTERESTS

The authors declare no competing interests.

npj Climate and Atmospheric Science (2023) 60

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541612-023-00391-6.

Correspondence and requests for materials should be addressed to Alyssa M.
Stansfield.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Published in partnership with CECCR at King Abdulaziz University


https://doi.org/10.1038/s41612-023-00391-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Global tropical cyclone precipitation scaling with sea surface temperature
	Introduction
	Results
	TC SST environments and intensities
	SST dependence of TC precipitation

	Discussion
	Methods
	Datasets
	TC tracking and precipitation extraction
	TC local-SST calculation
	Scaling rate calculations

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




