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Increases in extreme precipitation over the Northeast United
States using high-resolution climate model simulations
Bor-Ting Jong 1✉, Thomas L. Delworth 2, William F. Cooke 2, Kai-Chih Tseng1,3 and Hiroyuki Murakami 2,4

Extreme precipitation is among the most destructive natural disasters. Simulating changes in regional extreme precipitation
remains challenging, partially limited by climate models’ horizontal resolution. Here, we use an ensemble of high-resolution global
climate model simulations to study September–November extreme precipitation over the Northeastern United States, where
extremes have increased rapidly since the mid-1990s. We show that a model with 25 km horizontal resolution simulates much more
realistic extreme precipitation than comparable models with 50 or 100 km resolution, including frequency, amplitude, and temporal
variability. The 25 km model simulated trends are quantitatively consistent with observed trends over recent decades. We use the
same model for future projections. By the mid-21st century, the model projects unprecedented rainfall events over the region,
driven by increasing anthropogenic radiative forcing and distinguishable from natural variability. Very extreme events (>150 mm/
day) may be six times more likely by 2100 than in the early 21st century.
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INTRODUCTION
Extreme precipitation is expected to increase with global
warming1–5, which is a growing threat to the livelihoods of
humans, and poses severe challenges for infrastructure planning.
For example, the remnants of Hurricane Ida poured record-
breaking rainfall in the Northeast United States (hereafter NEUS)
on September 1, 2021, inundating the densely populated region
including the New York City and Philadelphia metropolitan areas,
causing at least 55 casualties and more than 20 billion dollars loss
in the NEUS6,7. As the NEUS (see “Methods” and Supplementary
Fig. 1) has faced the most rapidly increasing frequency of extreme
precipitation within the United States in the past few decades8–12,
there has been rising concern about whether existing infrastruc-
ture is at risk of possible changes in a future warmer climate.
Crucial information needed for planning includes how the
frequency and amplitude of extreme events will change in the
future, and whether/when future extreme events will be outside
the currently observed record.
Detecting and projecting changes in extreme precipitation on

regional scales, however, remain highly challenging and uncer-
tain3,13,14. One of the primary limitations comes from models’
coarse horizontal resolution13,15. Global climate models, com-
monly with atmospheric resolution ranging from 100 to 200 km
(1–2°), are not sufficient to resolve the most extreme precipitation
events and generally underestimate the rate of occurrence of the
most extreme rates of precipitation5,15–18. Enhancing a model’s
horizontal resolution has been shown to improve the simulated
frequency of extreme precipitation markedly, as higher precipita-
tion rates are permitted by the higher-resolution model15,16,18,19.
Also, models with finer resolutions better represent several
physical processes related to extreme events such as tropical
cyclones15,18,20,21, extratropical transition22, mesoscale pro-
cesses19,23, atmospheric rivers24, and quasi-persistent weather
regimes25, compared to models with coarser resolutions.
Here, we use a high-resolution climate model, SPEAR (Seamless

system for Prediction and EArth system Research), developed at

National Oceanic and Atmospheric Administration (NOAA) Geo-
physical Fluid Dynamics Laboratory (GFDL)26, to detect and
project the increasing frequency of extreme precipitation over
the NEUS. We focus on the boreal fall season (September to
November), as the fall season has the most robust trend27–29. We
first employ a variety of horizontal resolutions in the atmosphere/
land components of the model, ranging from 100 to 25 km, to
demonstrate that a finer resolution model facilitates a more
realistic simulation of extreme precipitation frequency than a
coarser resolution model. We then investigate the observed and
simulated past changes in extreme precipitation over the NEUS, as
well as SPEAR-based projections of future changes in extreme
precipitation. See “Methods” for more details about the model and
observation dataset.

RESULTS
Resolution dependence of extreme precipitation simulations
To demonstrate that a model with higher horizontal resolution
can simulate more realistic extreme precipitation frequency, we
examine the probability density function (PDF) of the NEUS
precipitation in the boreal fall season from the observations and
SPEAR’s three resolution configurations (Fig. 1 and Supplementary
Fig. 2). For rainfall rates less than 10mm/day, the model
overestimates the frequency of occurrence. This is commonly
known as the “excessive drizzle” issue in many climate models15.
The model also underestimates the frequency of rainfall with
10–25mm/day intensity and overestimates the frequency of
rainfall with 25–40mm/day intensity. Nevertheless, the perfor-
mances of these three different configurations are consistent with
each other. For extreme precipitation (99th percentile; indicated
by vertical lines in Fig. 1; see “Methods” for defining the 99th
percentile threshold), SPEAR_LO (100-km resolution) underesti-
mates the frequency of precipitation intensity above the threshold
and fails to simulate the most extreme observed events that are
stronger than 150mm/day. SPEAR_MED (50-km resolution) can
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simulate a comparable frequency of extreme precipitation with
the observations up to about 80 mm/day and then under-
estimates the frequency of extremes above 80mm/day. Only
SPEAR_HI (25-km resolution) simulates extreme precipitation
frequency comparable to the observations over the full range of
extreme precipitation, even for the most extreme precipitation
(such as 250 mm/day). These comparisons, consistent with
previous studies15,16, suggest that the frequency of very intense
rainfall events such as Ida’s remnants, which produced about
180mm of rain in the New York City Central Park within one
day6,7, can only be reasonably simulated in the high-resolution
configuration. The realistic simulation of precipitation frequency,
including the full range of extreme precipitation, from SPEAR_HI
therefore encourage us to use this version of the model to further
study and project changes in extreme precipitation over the NEUS.

Trends of the NEUS extreme precipitation
The increasing occurrence of extreme precipitation over the NEUS
has been robustly documented in many studies using station data
and multiple extreme precipitation indices10–12,27–37. For example,
the threshold for the top 1% of precipitation across all the NEUS
stations for each year experienced a statistically significant 0.3 mm
per year increasing trend with total increase of 10.8 mm from 1979
to 201429. Similarly, the occurrence of precipitation events
stronger than 150mm/day increased from only six events
between 1979 and 1996 to 25 events between 1997 and 201429.
The rising trend is also significant in the longer term: the total
annual amount of precipitation falling in the top 1% events
increased 58% from 1958 to 201611. Most of the observed trend in
annual extreme precipitation has occurred in the warm sea-
son10,29,33. Within the warm season, the fall season has the most
robust trend27–29. Thus, we focus on the fall season in this model-
based study.
In our results, the observed frequency of extreme precipitation,

defined as the 99th percentile of daily accumulated precipitation
(see “Methods”), over the NEUS in the fall season abruptly

increased in the mid-1990s, from ~0.5%/year in the early 1990s to
~1.5%/year in the late 2010s, after a relatively stable period in the
1980s (Fig. 2a and Supplementary Figs. 3 and 4). For the more
recent period (1991–2020) the frequency of extreme events
increased at a rate of 0.035% per year, while over the longer
period (1951– 2020) the frequency increased at a rate of 0.011%
per year. Both of these two trends are statistically significant at
95% confidence based on a t test. Consistent with previous
studies, the increasing trend mostly happened since the late
1990s28,29,34,35. We also use three objective thresholds of 50 mm/
day, 100mm/day, and 150 mm/day, approximately corresponding
to 99th, 99.9th, and 99.99th percentiles for the observations,
respectively, to measure the variations of extreme precipitation
(Fig. 2b–d)29. The breakdown clearly shows that very extreme
precipitation (>150mm/day) increased dramatically in the late
1990s: the likelihood of very extreme events was about 0.01%
before the 1970s and less than 0.005% from the 1970s to the early
1990s. After the abruptly rising occurrence in the late 1990s, the
frequency increased by a factor of three or more compared to
earlier decades.
Compared to the observations, the ensemble mean of SPEAR_HI

historical simulations produces realistic frequencies of extreme
precipitation at all intensities. The simulations also show an
increasing trend since the late 20th century (Fig. 2, green solid
lines). The long-term increasing rate of the frequency of the 99th
percentile events in the SPEAR_HI ensemble mean is 0.001% per
year from 1951 to 2020, similar to the observations. The SPEAR_HI
ensemble mean, however, does not simulate the abrupt increase
in extreme precipitation since the mid-1990s shown in the
observations. The frequency in the SPEAR_HI ensemble mean
gradually increases from the early 1980s at a rate of ~+0.011% per
year from 1991 to 2020, much slower than the observed rate (but
statistically significant at 95% confidence based on a t test). As the
ensemble mean of SPEAR_HI represents the responses to the
external radiative forcing, the more gradual trend and smaller
variations suggest that natural climate variability contributed
substantially to the historical variability of extreme precipitation
over the NEUS38. We therefore employ ensembles to better
constrain the internal variability in extreme precipitation. The
shaded envelopes in Fig. 2 indicate the spread of the 10 ensemble
members in the SPEAR_HI simulations. SPEAR_HI ensemble
members do present larger interannual to multidecadal variability,
but the spread does not contain the observations during the
period around 1990 when extreme events were less common and
the period around 2011 when extreme events occurred more
frequently (Fig. 2a). One plausible reason is that 10 ensemble
members are not sufficient to capture the full range of possible
variations associated with the internal variability in extreme
precipitation.
To complement the limited ensemble size in SPEAR_HI, we next

examine the 30-member simulations from SPEAR_MED and
SPEAR_LO (see “Methods”). SPEAR_MED and SPEAR_LO under-
estimate the extreme precipitation characterized by absolute
values (Fig. 2b–d), especially for the 100-km configuration which
marginally permits very extreme precipitation (Fig. 2c, d, dotted
green lines). The ensemble means of SPEAR_MED and SPEAR_LO,
nevertheless, simulate the variations and trends of the extreme
precipitation defined by the 99th percentile threshold similar to
the ones simulated by SPEAR_HI (Fig. 2a). The larger size of the
ensemble from SPEAR_MED and SPEAR_LO displays a larger
spread of internal variability and encompasses most of the
observed temporal variability of extreme precipitation over the
NEUS, except the peak period around 2011 (Supplementary Figs. 5
and 6). This suggests that if we increased the number of
ensembles for SPEAR_HI, it would show reasonable ensemble
spread as SPEAR_MED does. The 40-member CESM-LE simulations
with 100-km resolution present similar results: the ensemble mean
of CESM-LE 99th percentile events shows a slightly increasing

Fig. 1 Probability density function of daily precipitation over the
NEUS in September to November during 1951–2020. The
observation is shown by the black line. SPEAR_LO (100-km
resolution), SPEAR_MED (50-km resolution), and SPEAR_HI (25-km
resolution) simulations are shown in green dotted, dashed, and solid
lines, respectively. CESM-LE (100-km resolution) is shown by the
purple dash-dotted line. Only the spread of SPEAR_HI ensemble
members is shown. The ensemble spreads for the other models are
included in Supplementary Fig. 2. Vertical lines and the numbers
shown in the legend indicate the thresholds of 99th percentile daily
precipitation in each dataset or model (see “Methods” for the
definition).
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Fig. 2 Time series showing the changes in the frequency of extreme precipitation in each year from 1951–2100. a Extreme events are
defined as exceeding the 99th percentile threshold based upon 1951–2020 from each dataset or model (see “Methods”). b–d As in (a), but
extreme events are defined as exceeding thresholds of 50mm/day, 100mm/day, and 150mm/day. The observation is shown in black lines.
The ensemble mean of SPEAR_LO, SPEAR_MED, and SPEAR_HI historical and SSP5-8.5 simulations are shown in green dotted, dashed, and
solid lines, respectively. The SPEAR_HI SSP2-4.5 simulations for 2015–2100 are also included (orange solid lines). The ensemble mean of CESM-
LE historical and RCP5.8 simulations is presented by purple dash-dotted lines. Only the spreads of SPEAR_HI ensemble members are shown.
The ensemble spreads for the other models are included in Supplementary Figs. 5–7. The time series are smoothed with a 7-year running
mean to remove the interannual variability, emphasizing the long-term trend and variability.
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trend since the 1990s (Fig. 2a, purple line). The ensemble spread
covers most of the observed variability except the peak around
2011 (Supplementary Fig. 7). The model, however, considerably
underestimates the frequency of extreme precipitation character-
ized by absolute values (Fig. 2b–d) partially due to its coarser
resolution.

Detecting change in the probability of extreme precipitation
The elevated frequency of NEUS extreme precipitation in the last
three decades can also be demonstrated by the change in the
probability of extreme events with different intensities. Here, we
compare the return period of extreme precipitation for the entire
NEUS region during 1961–1990 versus 1991–2020 (Fig. 3a; see
“Methods” for the calculation of return period). In the observa-
tions, an event with 50mm/day or greater intensity had a 0.4-year
return period in 1961–1990, meaning that such an event would
occur on average over 0.4 years (equivalent to 150 days)
somewhere in the NEUS region. The return period of a 50 mm/
day event, however, had become 0.23 years in the past three
decades, nearly doubling the probability. For an event with
180mm/day intensity, corresponding to the daily rainfall mea-
sured in New York City caused by Hurricane Ida’s remnants,6,7 the
return period had dropped from 520 years in 1961–1990 to 70
years in 1991–2020, almost seven times more likely in the latter
period.
In the ensemble mean of SPEAR_HI, the simulated return period

for a 50 mm/day (or stronger) event is about 0.3 years in
1961–1990 and 0.22 years in 1991–2020, but the change during
these two periods is statistically insignificant at the 95%
confidence interval. For an event with 180mm/day intensity, the
simulated change in the return period significantly declines from
270 years in 1961–1990 to 95 years in 1991–2020. While the
ensemble mean of SPEAR_HI simulates a higher rate of frequency
of extreme precipitation during 1961–1990 compared to the
observations, and a lower rate compared to the observations for
1991–2020, the observed probability in both periods is mostly
within the spread of the ensemble members. This suggests that
the dramatic increase in the frequency of extreme precipitation
since the 1990s in observations has been driven by both external
radiative forcing and natural climate variability.

Projecting future extreme precipitation frequency
Extreme precipitation in the NEUS is expected to become more
frequent due to anthropogenic warming5,30,39–42. To project future

changes in the NEUS extreme precipitation, SPEAR_HI, which has
shown high performance in simulating the frequency and
variability of extreme precipitation in the present climate, is useful
to evaluate how intense and frequent the extreme events will be.
In addition, will we see any unprecedented events in the near
future (extreme events larger than any yet observed)?
Using the 99th percentile threshold based on 1951–2020

climatology, the ensemble mean of SPEAR_HI projects the
frequency of extreme precipitation would become 2.4% per year
by the end of the 21st century under the SSP5-8.5 high-emissions
scenario, which doubles the frequency compared to the current
value (Fig. 2a). In the SSP2-4.5 scenario, considered by some as a
more realistic emission trajectory43, the frequency would become
1.6% per year by 2100. The increasing rate, however, is not
uniform for all intensities among the extreme precipitation range,
as the tails of the probability distribution may experience more
dramatic change13. For instance, the frequency of events
exceeding 100mm/day would triple, from about 0.1% in the
recent three decades to 0.3% in 2100, under the SSP5-8.5 (Fig. 2c);
while the frequency of events exceeding 150 mm/day would
become six times more frequent compared to the recent three
decades (~0.01%) by the end of the 21st century (~0.06%; Fig. 2d).
The frequency, on the other hand, would increase less rapidly
under the SSP2-4.5 scenario: the frequency of event exceeding
100mm/day would increase to about 0.15%; while the frequency
of event exceeding 150 mm/day would increase to about 0.02%
by 2100 (orange lines in Fig. 2c, d).
The projected changes in return period for different event

intensities also demonstrate that the likelihood of more intense
extreme events would increase more rapidly (Fig. 3b). For
example, an event with 50mm/day intensity or stronger is
currently a 1-in-0.22-year event in the NEUS region in the
SPEAR_HI ensemble mean, meaning that such an event would
occur on average over 0.22 years (that is, 80 days) somewhere in
the NEUS region. This kind of event would become a 1-in-0.18 year
event by 2050 and an approximate 1-in-0.14-year event by 2100
under the SSP5-8.5 scenario. On the other hand, a very extreme
event with 200mm/day intensity would change from a 1-in-330-
year event to a 1-in-170-year event by 2050 and a 1-in-58-year
event by 2100. This dramatic projected increase in the probability
is statistically significant at 95% confidence interval based on a
bootstrapping resampling method.
While extreme precipitation is projected to be more frequent

and intense, we would not necessarily see more unprecedented
events by the mid-21st century given the large internal variability.

Fig. 3 Return periods of extreme precipitation events using different thresholds as seen in the observations and SPEAR_HI. a Compare
the return periods in 1961–1990 (dashed lines) and 1991–2020 (solid lines). The observations and SPEAR_HI ensemble mean are shown in
black and green lines, respectively. b Compare the return periods in the SPEAR_HI historical (green lines) and SSP5-8.5 (orange lines)
simulations between 2021 and 2080 versus 1961 and 2020. Shaded area encompasses the spread of the SPEAR_HI ensemble. Thick solid lines
indicate the changes compared with the earlier 30-year period are statistically significant at 95% confidence interval using the bootstrapping
method. The y-coordinate is shown in a logarithmic scale and is in the unit of years.

B.-T. Jong et al.

4

npj Climate and Atmospheric Science (2023)    18 Published in partnership with CECCR at King Abdulaziz University



Figure 4 shows the intensity of the five strongest events in each
autumn from individual ensemble members (gray lines show the
spread) and ensemble mean (blue color dots) in the SPEAR_HI
historical and SSP5-8.5 simulations from 1951 to 2100. In the
observations, the recorded high event happened in 1999 with
298mm/day intensity. The ensemble spread of SPEAR_HI does not
frequently encompass this record until the mid-21st century.
However, as indicated above, 10 ensemble members from
SPEAR_HI may not be sufficient to cover the full range of internal
variability, so the timing when unprecedented events will emerge
might be earlier than the estimation. In the ensemble mean, the
five strongest events in each year range between 80 to 200mm/
day in intensity in the historical period. The range would become
100 to 200mm/day in the mid-21st century. While unprecedented
events would probably not arise until the mid-21st century, the
lower bound for defining the annual five strongest events, in both
the ensemble spread and mean, has increased since the 1990s,
consistent with previous results that extreme precipitation has
increased and become more intense10–12,27–34,36. The more
frequent extreme event means the time interval between two
consecutive extreme events would become shorter, enhancing
threats of flooding. For instance, in 2021, Tropical cyclone Henri
brought a 100-year rainstorm to the NEUS just two weeks before

the remnants of Hurricane Ida swept through the region. The
extreme rainfall brought by Henri saturated the ground, which
was one of the major reasons that Ida’s remnants could cause
such severe flash floods across the NEUS7.

Estimating the time of signal emergence
The increasing trend of the NEUS extreme precipitation may be
attributed to both anthropogenic forcing and internal variability.
The signal of the forced increase in the extreme precipitation
frequency, however, will eventually emerge from the noise of
internal variability44–47. To estimate this “time of emergence” for
the frequency of NEUS extreme precipitation, we calculate when
the shift in the median values of extreme precipitation frequency
per year from the SPEAR_HI historical and SSP5-8.5 simulations
becomes statistically significant, compared to the median values
from the preindustrial control simulation (see “Methods”; Fig. 5).
Under the SSP5-8.5 scenario, the shift in the median value of the
frequency first becomes statistically significantly different from the
median value based on the control simulation in the mid-21
century (2041–2060), at 95% confidence interval, and the
significant shift remains thereafter. That means, if the SSP5-
8.5 scenario of emissions is followed, the contribution of

Fig. 4 Five strongest extreme precipitation events in the NEUS autumn from 1951 to 2100. Blue color dots are the intensity of the annual
five strongest events in the ensemble mean of SPEAR_HI historical (1951–2014) and SSP5-8.5 (2015–2100) simulations. Thin gray lines indicate
the ensemble spread of the five strongest events in each ensemble member each year. Pink crosses are the intensity of the annual five
strongest events from the observations. The vertical black line indicates the year of 2020. The time series is not smoothed with a 7-year
running mean as in Fig. 2, since the context is to emphasize the strong internal variability of extreme precipitation.

Fig. 5 Change in the distribution of extreme precipitation frequency. Each color line presents the probability density function of extreme
precipitation frequency each year in a 20-year period from the SPEAR_HI historical (cold colors) and SSP5-8.5 (warm colors) simulations. The
thick gray line is the PDF of extreme precipitation frequency from the preindustrial control simulations. Solid (dashed) lines indicate the
medians of the distributions from the historical or SSP5-8.5 simulations are (not) statistically significantly different from the median of the
distribution based on the control simulations at 95% confidence interval. See “Methods” for the details.
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anthropogenic forcing to the increasing trend of the NEUS
extreme precipitation would become distinguishable from the
contribution of random internal variability in 20–30 years. If the
SSP2-4.5 is followed, the time of emergence for the NEUS extreme
precipitation frequency could be delayed for 10–20 years (by
2051–2070), compared with the one under the SSP5-8.5 scenario
(Supplementary Fig. 8).

DISCUSSION
Projecting future changes in regional extreme precipitation is a
vital need but presents significant challenges. Simulations of the
regional characteristics of extreme precipitation can often be
improved in climate models with higher horizontal resolution, as
higher resolution can better resolve extreme precipitation events.
Hence, an ensemble of climate simulations using high-resolution
coupled models provides a valuable tool for evaluating projected
changes in extreme precipitation characteristics and can benefit
infrastructure design and resilience planning. One caveat of our
study is that we only evaluate the simulations for the NEUS region
from SPEAR models and CESM-LE. The results that higher
horizontal resolution simulates better extreme precipitation
features in the NEUS should be further assessed for other regions
and other climate models48,49.
While high resolution can advance more realistic simulations of

extreme precipitation statistics, we show that large ensembles are
also critical to estimating future changes in the most extreme
precipitation events. In the ensemble mean of SPEAR_HI, the
frequency of events with an intensity of 50mm/day or even
100mm/day steadily increases in the 21st century in response to
increasing radiative forcing (Fig. 2b, c, green solid lines). In
contrast, events with an intensity of 150 mm/day or larger increase
at a more irregular rate (Fig. 2d, green solid line), suggesting that
the ensemble size used (10 members for the highest resolution
simulations with the strongest radiative forcing changes, SSP5-8.5)
may not be sufficient to robustly sample the most extreme events.
In the more moderate radiative forcing scenario used (SSP2-4.5),
only six ensemble members are available in SPEAR_HI. As a result,
the six-member ensemble mean is substantially impacted by
natural variability contained in the individual ensemble members,
such that there are extended periods when the ensemble
mean has little discernible trend and large multidecadal variability
(Fig. 2, orange lines). These results point to the need for very large
ensembles to robustly quantify changes in extreme precipitation,
especially for the most extreme events, simulated in climate
models.
Despite the uncertainty associated with limited ensembles, our

results show that an increase in the likelihood of extreme
precipitation in the NEUS during September–November is a
robust finding since SPEAR_HI simulates the long-term variability
of extreme precipitation consistent with previous studies and the
observations are mostly within the spread of the ensemble.
Ongoing work focuses on process-based assessments including
how various types of precipitation events, such as tropical
cyclones, extratropical transition, atmospheric rivers, or convective
storms, contribute to the extreme precipitation trend in both
observations and SPEAR_HI34,37,40,50,51. Also, further assessment of
how SPEAR_HI simulates extreme precipitation in other regions
and seasons will provide additional insight into the advantages
and limitations of high-resolution climate models.

METHODS
Northeast US region
In this study, the Northeast US (NEUS) region is defined as the US
land territory within 37–50°N, 80.5–67°W, encompassing the states
of Maine, New Hampshire, Vermont, Massachusetts, Rhode Island,

Connecticut, New York, New Jersey, Pennsylvania, Delaware,
Maryland, Washington D.C., and parts of Virginia and West
Virginia. See Supplementary Fig. 1 for the location of the NEUS
region.

Observational data
In this study, we use gridded daily precipitation data from NOAA
Climate Prediction Center (CPC) Unified Gauge-Based Analysis52

with resolution at 0.25° by 0.25° for the period of 1948 to 2020. We
choose this dataset because (1) it provides a longer period of
record for assessing long-term variations and trends in extreme
precipitation; (2) this gridded dataset has a relatively fine
horizontal resolution that is comparable to SPEAR_HI; and (3)
previous studies have suggested that this dataset has a
remarkable quality and small bias over the continental US53 and
has been chosen to assess the US extreme precipitation in
historical simulations from the Coupled Model Intercomparison
Project 6 (CMIP6) models54. While most of the previous studies
focusing on the NEUS extreme precipitation used station data
such as Global Historical Climatology Network daily33,34,37,55, the
CPC-gridded data shows the consistent temporal variations is
extreme precipitation frequency for the period of 1948–2020
(Supplementary Fig. 3).

Models
We use daily precipitation output from two modeling systems. The
first is called SPEAR (Seamless system for Prediction and EArth
system Research)26. SPEAR is NOAA (National Oceanic and
Atmospheric Administration) GFDL (Geophysics Fluid Dynamics
Laboratory)’s latest coupled GCM, building from GFDL’s most
recently developed atmospheric (AM4), land (LM4)56,57, oceanic
(MOM6), and sea-ice (SIS2)58 component models. SPEAR uses
similar component models as GFDL Global Climate Model version
4 (CM4)59 and Earth System Model 4 (ESM4)60 which participated
in the CMIP6. The configuration of SPEAR is optimized for the
study of seasonal to multidecadal variability, predictability, and
projection.
SPEAR provides different options for atmospheric horizontal

resolution, ranging from 1 to 0.25°. Here, we mainly use a high-
resolution configuration, SPEAR_HI, with 0.25° grid spacing in the
atmosphere and land components to better simulate extreme
precipitation. We also use the simulations from low-resolution
(SPEAR_LO, 1° atmosphere/land) and medium-resolution
(SPEAR_MED, 0.5° atmosphere/land) configurations to assess the
resolution dependence of the simulations of extreme precipita-
tion. The physics are identical across these three configurations,
with the exception of modest tuning in the damping and
advection parameters for SPEAR_HI to improve the simulation of
tropical storms. The model timesteps change with resolution for
numerical stability. All configurations are coupled to the same 1°
ocean model (with tropical refinement to 0.3°). The details of
SPEAR’s physical parameterizations and configurations can be
found in ref. 26.
All historical simulations are driven by the observed time-

evolving changes in radiative forcing agents (greenhouse gases,
aerosols, land use, solar irradiance, and volcanic aerosols) over the
period of 1921 to 2014. From 2015 to 2100 the models are forced
by projected changes in radiative forcing agents, using either
Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5) or 2-4.5 (SSP2-
4.5)61,62. Since the SSP5-8.5 represents a very high-end projection
of future anthropogenic radiative forcing changes, and is some-
times considered an overestimate of projected future warming43,
it is important to include simulations with the “middle of the road”
SSP2-4.5 scenario for comparison. SPEAR_LO and SPEAR_MED
both have 30 ensemble members for the historical and SSP5-
8.5 simulations; while SPEAR_HI has 10 ensemble members for the
historical and SSP5-8.5 simulations and six ensemble members for
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the SSP2-4.5 simulations. Each ensemble member is initialized
from a different year from their respective long control simula-
tions with 20-year spacing to sample different phases of internal
variability. These perturbations applied to the initial conditions of
ensemble members create diverging weather and climate
trajectories and thereby ensemble spread, which represents
natural climate variability. These unpredictable and random
internal variability is presumably canceled out in the ensemble
mean, so the ensemble mean can be estimated as responses to
external radiative forcing38.
A 1000-year preindustrial control simulation from SPEAR_HI is

also used to represent internal natural variability. In the control
simulation, radiative forcing and land-use conditions are fixed at
levels of the year 1850 to represent preindustrial conditions. We
analyze the last 900 years in the simulations.

CESM-LE
We also examine daily precipitation from the Large Ensemble of
Community Earth System Model version 1 (termed as CESM-LE in
this study) which has 40 members performed at a 1° horizontal
resolution63. CESM-LE includes historical simulations driven by
historical time-evolving radiative forcing from 1920 to 2005 and
the “high-emissions” Representative Concentration Pathway 8.5
(RCP8.5) simulations from 2005 to 2100. Each ensemble member
of CESM-LE is driven by the same forcing but initialized with
slightly different initial conditions in the temperature field which is
randomly perturbed at the level of round-off error.
To be consistent with the observation, we only use the output

since the year 1948 from the historical simulations of both SPEAR
and CESM-LE.

Definition of extreme precipitation
We define extreme precipitation as daily accumulated precipita-
tion falling in the 99th percentile (top 1%) of recorded wet days
(≥0.1 mm/day) from September to November. The 99th percentile
threshold of daily precipitation is consistently determined based
on the years 1951 to 2020 for both the observations and the
models. For the observations, all the grid points within the NEUS
region are aggregated to derive the threshold. For SPEAR and
CESM-LE, all the ensemble members and grid points within the
NEUS region in each model are included to calculate the 99th
percentile threshold for the corresponding model.
We choose this method rather than using spatially varied

thresholds for two reasons: (1) We also define a 99th percentile
threshold of recorded wet days at each grid point individually
(Supplementary Fig. 1), and then count the number of occurrences
for each year at each grid point, averaging across the NEUS region
(Supplementary Fig. 4). The area-averaged frequency variations
using the spatially varied threshold are very similar to the
frequency variations using the constant 99th percentile threshold
(compared Supplementary Fig. 4 with Fig. 2a); (2) In our analyses,
we also use objective thresholds, 50mm/day, 100mm/day, and
150mm/day, to emphasize the advantage of the high-resolution
model in simulating very extreme precipitation (Fig. 2b–d). For fair
comparisons, the constant 99th percentile threshold across the
region is thereby used in this study.

Return period
Return period, also called recurrence interval64, measures the
average time interval between the occurrence of events such as
extreme precipitation. Theoretically, return period is the inverse of
the frequency of occurrence, so it also represents probability of
occurrence. For example, the return period for the 99th percentile
(top 1%) daily precipitation event is about 0.3 years (that is, there
is a 1% chance that a daily precipitation event has equal or

stronger intensity than the 99th percentile threshold in any
100 days or 0.3 years)65.
In this study, return period for an event with X mm/day or

stronger intensity is calculated as,

return periodðXÞ ¼ N þ 1
R

(1)

N is the number of total recorded rainy days (≥0.1 mm/day) in
September to November in the specified year range. R is the rank
of X mm/day among all the rainy days in descending order. Same
as the selection of the 99th percentile thresholds: for the
observations, all the grid points within the NEUS region are
aggregated (to increase the sample sizes). For SPEAR_HI, all the
ensemble members and grid points within the NEUS region in
each model are included. Thus, the return period calculated here
(Fig. 3) is for the NEUS as a whole, rather than for each grid point.
That is, a 1-in-0.3-year event means there is a 1% chance that a
daily precipitation event has equal or stronger intensity than the
99th percentile threshold in any 0.3 years (or 100 days) some-
where within the NEUS region.
To test whether the changes in the return periods for two

consecutive 30-year periods are significantly different, boot-
strapping resampling is conducted. We randomly select two 30-
year periods with different start dates within the 60-year periods
(so the two selected 30-year periods may partially overlap) in
either the observations or SPEAR_HI and calculate the differences
in the return periods of these two 30-year periods. We then repeat
the procedure 500 times to approximate the distribution of the
sample mean and assess the significance of the targeted
differences.

Time of emergence
Time of emergence estimates the timing when an anthropogenic
forced signal in climate extreme would emerge from the noise of
atmospheric internal variability44–46. To estimate the time of
emergence of extreme precipitation frequency over the NEUS, we
compare the distributions of extreme precipitation frequency per
year from SPEAR_HI historical and SSP5-8.5 simulations with the
distribution from SPEAR_HI preindustrial control simulations
which possess only internal natural variability. Time of emergence
is therefore when the distributions in the historical or SSP5-
8.5 simulations are significantly shifted from the distribution based
on the control simulation.
In the control simulations, from the 900-year time series of

extreme precipitation frequency, we randomly chunk a hundred
20-year periods to estimate the ensemble spread, mimicking the
range of internal variability in extreme precipitation frequency.
Extreme precipitation here is defined by the 99th percentile
threshold based on the entire 900 years. Extreme precipitation in
the historical and SSP5-8.5 simulations is defined by the 99th
percentile threshold based on 1951–2020.
To analyze the shift in the distributions, the differences in the

median of extreme precipitation frequency for each 20-year from
the historical and SSP5-8.5 simulations and the median from the
control simulation are calculated46. The statistical significance of
differences in the median is assessed using bootstrapping
resampling. We randomly selected two 20-year periods from the
historical and SSP5-8.5 simulations within 1951 to 2100 and
calculate the difference in the median of extreme precipitation
frequency during these two 20-year periods. The procedure is
repeated 500 times to evaluate the significance of the targeted
differences.

DATA AVAILABILITY
The CPC Unified Gauge-Based gridded daily precipitation data are available on the IRI/
LDEO Climate Data Library (https://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NCEP/
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.CPC/.UNIFIED_PRCP/.GAUGE_BASED/.CONUS/). Global Historical Climatology Network
daily (GHCN-d) precipitation data are openly available on NOAA National Centers for
Environmental Information website (https://www.ncei.noaa.gov/products/land-based-
station/global-historical-climatology-network-daily). CESM-LE data are publicly avail-
able on the NCAR’s Climate Data Gateway (https://www.cesm.ucar.edu/projects/
community-projects/LENS/data-sets.html). SPEAR simulations are available from the
corresponding author upon request and with the permission of NOAA.

CODE AVAILABILITY
Codes generated during this study are available from the corresponding author upon
reasonable request.
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