Earth’'s Future

RESEARCH ARTICLE
10.1029/2023EF004370

Key Points:

e The autumn extreme precipitation
trend over the Northeast US is
primarily attributed to tropical cyclone-
related events since the 1990s

e In future projections, extreme
precipitation linked to atmospheric
rivers increases faster than that
associated with tropical cyclones

e Despite fewer projected tropical
cyclones in the future, extreme
precipitation associated with them is
projected to increase

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

B.-T. Jong,
bor-ting.jong @noaa.gov

Citation:

Jong, B.-T., Murakami, H., Delworth, T.
L., & Cooke, W. F. (2024). Contributions
of tropical cyclones and atmospheric rivers
to extreme precipitation trends over the
Northeast US. Earth's Future, 12,
€2023EF004370. https://doi.org/10.1029/
2023EF004370

Received 12 DEC 2023
Accepted 23 MAR 2024

Author Contributions:
Conceptualization: Bor-Ting Jong,
Thomas L. Delworth

Data curation: Bor-Ting Jong,
Hiroyuki Murakami, William F. Cooke
Formal analysis: Bor-Ting Jong
Funding acquisition: Thomas

L. Delworth

Investigation: Bor-Ting Jong,
Hiroyuki Murakami, Thomas L. Delworth
Methodology: Bor-Ting Jong,
Hiroyuki Murakami

Project administration: Thomas

L. Delworth

Resources: William F. Cooke
Software: Bor-Ting Jong

© 2024 The Authors. Earth's Future
published by Wiley Periodicals LLC on
behalf of American Geophysical Union.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

'.) Check for updates

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

'

Contributions of Tropical Cyclones and Atmospheric Rivers
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Abstract The Northeast United States (NEUS) has faced the most rapidly increasing occurrences of
extreme precipitation within the US in the past few decades. Understanding the physics leading to long-term
trends in regional extreme precipitation is essential but the progress is limited partially by the horizontal
resolution of climate models. The latest fully coupled 25-km GFDL (Geophysical Fluid Dynamics Laboratory)
SPEAR (Seamless system for Prediction and EArth system Research) simulations provide a good opportunity
to study changes in regional extreme precipitation and the relevant physical processes. Here, we focus on the
contributions of changes in synoptic-scale events, including atmospheric rivers (AR) and tropical cyclone (TC)-
related events, to the trend of extreme precipitation in the fall season over the Northeast US in both the recent
past and future projections using the 25-km GFDL-SPEAR. In observations, increasing extreme precipitation
over the NEUS since the 1990s is mainly linked to TC-related events, especially those undergoing extratropical
transitions. In the future, both AR-related and TC-related extreme precipitation over the NEUS are projected to
increase, even though the numbers of TCs in the North Atlantic are projected to decrease in the SPEAR
simulations using the SSP5-8.5 projection of future radiative forcing. Factors such as enhancing TC intensity,
strengthening TC-related precipitation, and/or westward shift in Atlantic TC tracks may offset the influence of
declining Atlantic TC numbers in the model projections, leading to more frequent TC-related extreme
precipitation over the NEUS.

Plain Language Summary In recent decades, the densely populated Northeast United States has
faced the most rapid increase in the frequency of extreme rainfall within the US. Here, we examine the causes of
the increase in extreme rainfall over the Northeast US in both current and future climates. We find that the surge
in extreme rainfall since the 1990s is primarily linked to events associated with tropical cyclones. In a future
warming climate, based on projections from a high-resolution climate model, our research shows that we can
expect more frequent occurrences of extreme rainfall related to both atmospheric rivers and tropical cyclones.
However, the increase in extreme rainfall linked to atmospheric rivers is projected to outpace that associated
with tropical cyclones. Given the distinct spatial patterns of extreme rainfall resulting from atmospheric rivers
and tropical cyclones, changes in their relative contributions could have profound implications for flood
prevention and mitigation strategies.

1. Introduction

Extreme precipitation, both the intensity and frequency, has increased across much of the contiguous United
States since the 20th century (e.g., Anderson et al., 2015; DeGaetano, 2009; Easterling et al., 2017; Hoerling
et al., 2016; Janssen et al., 2014; Kunkel et al., 2013; Min et al., 2011). The Northeast US (NEUS; all acronyms
used in this paper are listed in Table S1 in Supporting Information S1), the most populated region in North
America including the Boston to DC metro corridor area, has experienced the most rapid increase in the frequency
of extreme precipitation in the US, especially since the mid-1990s (e.g., Brown et al., 2010; Crossett et al., 2023;
DeGaetano, 2009; DeGaetano et al., 2020; Frei et al., 2015; Guilbert et al., 2015; Hoerling et al., 2016; Howarth
et al., 2019; Huang, Patricola, Winter, et al., 2021; Huang et al., 2017, 2018; Jong et al., 2023; Olafdottir
et al., 2021). Extreme precipitation frequency over the NEUS, moreover, is projected to increase in the future
warming climate (e.g., DeGaetano & Castellano, 2017; Hayhoe et al., 2007; Jong et al., 2023; Nazarian
etal., 2022; Ning et al., 2015; Picard et al., 2023). In the face of warming climate and mounting threats from high-
impact weather events such as extreme precipitation, long-term infrastructure development and planning depend
on climate model future projections of these extreme events and their contributing meteorological processes.
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The trend of the NEUS extreme precipitation has been observed across all seasons, with the most pronounced
trend occurring during the fall season (September-November) (Howarth et al., 2019; Huang et al., 2017; Kunkel
et al., 2013). The NEUS extreme precipitation in the fall season is mostly provided by tropical cyclones (TCs),
extratropical cyclones, and frontal systems (e.g., Agel et al., 2015, 2018; Barlow, 2011; Barlow et al., 2019;
Huang et al., 2018; Kunkel et al., 2012; Smith et al., 2011). The increasing occurrence of extreme precipitation in
the NEUS since the mid-1990s has been primarily attributed to TCs, with lesser influences from extratropical
cyclones and frontal systems (e.g., Huang et al., 2018). Considering that moisture content and transport are critical
to extreme precipitation (e.g., Barlow et al., 2019; Hsu & Chen, 2020; Teale & Robinson, 2020), other studies
have also evaluated the contribution of atmospheric rivers (ARs), narrow corridors of intense atmospheric
moisture transport, in comparison to TCs (Henny et al., 2022, 2023; Howarth et al., 2019). In these comparisons,
TC-related events, including TC remnants, prior TC influences, and remote TC influences, are still the leading
contributors to the increasing extreme precipitation frequency. The increase in TC influence is partly connected to
the rising frequency of TCs in the North Atlantic since the 1990s (e.g., Huang et al., 2018; Murakami et al., 2020).
The increase in TC frequency has been attributed to multiple factors, including a decrease in anthropogenic
aerosol in the Western Hemisphere since the 1980s (e.g., Murakami, 2022; Wang et al., 2023) and a shift to the
positive phase of the Atlantic Multidecadal Oscillation (AMO) (e.g., Huang et al., 2018; Murakami et al., 2020).
Also, studies have shown that TC tracks in the North Atlantic have become more complex and slower moving in
the past three decades. Slower-moving TCs are more likely to “stall” along the East Coast, subsequently
amplifying their influence on extreme precipitation over the NEUS (e.g., Hall & Kossin, 2019; Henny
et al., 2022). Furthermore, observed precipitation caused by TCs making landfall along the US East Coast has
intensified, especially over land, in recent decades (e.g., Hallam et al., 2023; Touma et al., 2019). All in all,
increases in NEUS extreme precipitation since the 1990s have been largely influenced by changes in the char-
acteristics of TCs.

Multiple climate models have projected that extreme precipitation over the NEUS will increase in the future with
global warming (e.g., DeGaetano & Castellano, 2017; Hayhoe et al., 2007; Jong et al., 2023; Nazarian et al., 2022;
Ning et al., 2015; Picard et al., 2023). In recent work, Jong et al. (2023) used a high-resolution model (25 km
horizontal grid) to show the frequency of extreme precipitation events in the fall season (defined as the top 1% of
daily precipitation based upon the historical climatology for the 1951-2020 period) would double by the end of
the 21st century. Very extreme precipitation (>150 mm/day), such as heavy rainfall related to hurricanes, may be
six times more likely by 2100 compared to the early 21st century under the Shared Socioeconomic Pathway 5-8.5
(SSP5-8.5), high-end projection of future greenhouse gas emission (Jong et al., 2023). Furthermore, this study
projects that the contribution of external anthropogenic forcing to increasing extreme precipitation would be
distinguishable from the contribution of natural internal variability by the mid-21st century under the SSP5-8.5
scenario (Jong et al., 2023). While studies have agreed that the frequency of extreme precipitation will increase
over the NEUS, there has been much less study of how different meteorological processes, such as ARs or TCs,
would contribute to the increase in NEUS extreme events.

ARs are conducive to extreme precipitation over the NEUS in the fall season (e.g., Agel et al., 2015, 2018; Henny
et al., 2022; Hsu & Chen, 2020; Slinskey et al., 2020; Teale & Robinson, 2020). In a future warmer climate, ARs
are projected to become more frequent in many places across the globe, including eastern North America (e.g.,
Espinoza et al., 2018; O’Brien et al., 2022; Payne et al., 2020; Tseng et al., 2022; Zhao, 2020, 2022), since the
increase in atmospheric moisture content in a warmer atmosphere overwhelms other factors such as change in
circulations (e.g., Payne et al., 2020; and references therein). AR days over the NEUS in the fall season for the
2075-2100 period, under the representative concentration pathway 8.5 scenario (RCP8.5), are projected to be 2.3
times more frequent than those in the 1979-2008 period, in the 25-km GFDL High-Resolution Atmospheric
Model (HiRAM) (Hsu & Chen, 2020). In addition, AR-related precipitation is expected to be more intense over
the NEUS, as the increase in atmospheric moisture mostly follows the Clapeyron-Clausius scaling over regions
with little topographic lift like the eastern US (e.g., Hsu & Chen, 2020; Payne et al., 2020; Zhao, 2022). How the
changes in the AR frequency and AR-related precipitation will promote extreme precipitation over the NEUS in
the warming climate, nevertheless, have not yet been established.

Projected changes in TC influence over the US East Coast are subject to a wide range of uncertainties. First of all,
TC frequency in the North Atlantic is projected to decline in the future in the majority of climate model studies
(e.g., Knutson et al., 2020; Roberts et al., 2020a, 2020b; and references therein). However, this projected decrease
in TC frequency is still highly uncertain (e.g., Hsieh et al., 2022, 2023; Jing et al., 2021; Knutson et al., 2020; Lee
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et al., 2023; Roberts et al., 2020b; Sobel et al., 2021; and references therein). For example, opposite results have
been derived from some climate model projections (e.g., Bhatia et al., 2018; Murakami et al., 2014; Vecchi
et al., 2019) and statistical-dynamical downscaling (e.g., Emanuel, 2013, 2021; Lee et al., 2020, 2022). On the
other hand, studies have proposed that the proportion of TCs making landfall on the US East Coast, especially
major hurricanes, would increase (e.g., Knutson et al., 2022; Liu et al., 2018; Wright et al., 2015), partially due to
the TC genesis locations moving closer to the East Coast (Garner et al., 2021; Knutson et al., 2022) and change in
large-scale steering flows (Knutson et al., 2022) in the future. Change in the large-scale environment has also been
projected to modulate vertical wind shear near the US East Coast, favoring TC intensification near the US East
Coast (Ting et al., 2019). Furthermore, TCs are projected to move slower along the US coast, lengthening the
period of TC influences over land (e.g., Garner et al., 2021; Gori et al., 2022; Lee et al., 2022; Zhang et al., 2020).
TC-related precipitation when TCs approach land is also projected to increase (e.g., Kitoh & Endo, 2019; Liu
et al., 2018; Patricola & Wehner, 2018; Stansfield, Reed, & Zarzycki, 2020; Wright et al., 2015; Zhao, 2022). All
these projected changes regarding the different aspects of TCs suggest that TCs would raise extreme precipitation
risk over the NEUS, even though the TC frequency over the North Atlantic is projected to decline.

TCs threaten the NEUS region even after they move into the midlatitudes, becoming extratropical cyclones, a
process known as extratropical transition (ET). For example, Hurricane Irene (2011; e.g., Jung & Lack-
mann, 2019; Liu et al., 2020; Liu & Smith, 2016) and Hurricane Sandy (2012; e.g., Evans et al., 2017; Galarneau
et al., 2010) both brought hazardous extreme precipitation to the NEUS region during their ET phases. Studies
using climate model projections have shown that in a future warming climate, a higher fraction of TCs would
undergo ET (Baker et al., 2022; Michaelis & Lackmann, 2019). This implies that more cyclones originating from
TCs and restrengthened would travel to the higher latitude region, enhancing the risk of extreme precipitation over
regions that have experienced less events originating from TCs in the current climate. Also, ET-related precip-
itation is projected to intensify as the atmospheric moisture will be increased in a warmer climate (Jung &
Lackmann, 2021, 2023; Liu et al., 2018, 2020). The projected change of other aspects of ETs, on the other hand,
are still highly uncertain. For example, different climate models with horizontal resolutions finer than 50 km
disagree on change in the future ET intensity. Also, climate models have shown less skill in simulating interannual
variability in ETs than in TCs (Baker et al., 2022). These limitations suggest that it is still challenging to assess the
changing contribution of ETs to extreme precipitation in the future warming climate.

Model resolution is one of the primary challenges in projecting changes in extreme precipitation and the relevant
physical processes. Enhancing models' horizontal resolution to finer than 50 km has been shown to better simulate
frequency of extreme precipitation, as more intense precipitation events can be permitted by the higher-resolution
models (e.g., lles et al., 2020; Kopparla et al., 2013; Lucas-Picher et al., 2017; Schiemann et al., 2018; Stansfield,
Reed, Zarzycki, et al., 2020; Van der Wiel et al., 2016; Wehner et al., 2010, 2014). For example, in GFDL
(Geophysical Fluid Dynamics Laboratory) SPEAR (Seamless system for Prediction and EArth system Research)
models with three different atmospheric horizontal resolution (100, 50, and 25 km), the 25-km SPEAR config-
uration simulates much more realistic frequency of extreme precipitation over the NEUS than the 50-km or 100-
km SPEAR configurations (Jong et al., 2023). Also, models with finer resolutions can better represent several
physical processes related to extreme precipitation including ARs and TCs. Many aspects of ARs are better
resolved in models with higher resolutions (e.g., Hagos et al., 2016; Payne et al., 2020; Zhao, 2020), including
atmospheric moisture transport over the ocean (e.g., Demory et al., 2014). Also, high-resolution climate models
can facilitate simulation of AR-related precipitation since topography is much better represented in the models
(e.g., Schiemann et al., 2018; Vanniere et al., 2019). For TCs, coupled climate models with enhanced horizontal
resolution to 25 km generally yield more frequent and stronger TCs, leading to better representations of the
spectrum of TC intensities, compared to the same models with coarser resolutions (e.g., Camargo & Wing, 2016;
Murakami et al., 2015; Reed & Chavas, 2015; Roberts et al., 2015, 2020a, 2020b; Shaevitz et al., 2014; Sobel
etal., 2021). Additionally, TC tracks and genesis regions, especially for major hurricanes, and storm structures are
much more realistic in models with 25 km resolution (e.g., Murakami et al., 2015; Roberts et al., 2020a, 2020b).
On the other hand, fully coupled climate models incorporate local TC-ocean interactions which cools sea surface
temperature along TC tracks due to strong TC winds, influencing the simulation of TC precipitation compared to
uncoupled climate models (e.g., Huang, Patricola, & Collins, 2021). The latest fully coupled 25-km GFDL
SPEAR ensemble, therefore, has paved the way for studying change in regional extreme precipitation and the
relevant physical processes.
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In this study, we focus on the changes in the synoptic-scale contributions, including ARs, TCs, and ETs, to
extreme precipitation trend over the NEUS using the 25-km GFDL SPEAR. We first assess the performance of
the model in the historical context. Then, we use the model to project the change in extreme precipitation over the
NEUS as well as the changing contributions of the meteorological processes to the extreme precipitation trend.

2. Data and Method
2.1. Observational Data

For observational precipitation data, we use gridded daily precipitation data from National Oceanic and Atmo-
spheric Administration (NOAA) Climate Prediction Center (CPC) Unified Gauge-Based Analysis which has
resolution at 0.25deg by 0.25deg for the period of 1948-2022 (Chen et al., 2008). This data set has a high quality
and small bias over the continental US according to previous evaluations (Sun et al., 2018) and has been chosen to
assess the US extreme precipitation in historical simulations from the Coupled Model Intercomparison Project 6
(CMIP6) models (Akinsanola et al., 2020). For the NEUS extreme precipitation, specifically, this gridded data
set also shows consistent temporal variations in extreme precipitation frequency for the period of 1948-2020 with
station data (Global Historical Climatology Network Daily, Jong et al., 2023; Menne et al., 2012).

Variables used for AR and TC detections are derived from the 55-year Japanese Reanalysis Project (JRA-55;
Kobayashi et al., 2015). JRA-55 provides 6-hourly atmospheric analysis fields at a 1.25° X 1.25° horizontal
resolution from 1958 to 2023. JRA-55 is more ideal for TC detection than other reanalysis data sets, such as the
latest high-resolution ECMWF Reanalysis v5 (ERAS; (Hersbach et al., 2020), since JRA-55 assimilation uses
artificial wind retrievals in the vicinity of TCs. The wind retrievals incorporate TC wind profiles from best track
data (Fiorino, 2002) and are processed like observed data (Hatsushika et al., 2006; Kobayashi et al., 2015). JRA-
55 has demonstrated a lower false TC detection rate compared to other reanalysis data sets that did not assimilate
observed TC information (Bieli et al., 2019; Murakami, 2014). For AR detection, we use vertically integrated
vapor transport (IVT) from JRA-55. Climatological IVT from 1959 to 2020 in JRA-55 is highly similar to that of
ERAS (Figure S1 in Supporting Information S1).

2.2. Model Data

SPEAR is the latest coupled GCM from NOAA GFDL (Delworth et al., 2020). SPEAR uses similar component
models as the GFDL Global Climate Model version 4 (CM4) (AM4 atmosphere and LM4 land model, Held
etal., 2019; Zhao et al., 2018; MOMG6 ocean and SIS2 sea ice models, Adcroft et al., 2019) but with configurations
optimized for the study of seasonal to multidecadal variability, predictability, and projection.

SPEAR provides three options for horizontal resolution in the atmosphere and land components: 1° (~100 km),
0.5° (~50 km), and 0.25° (~25 km). The physics are identical across these three configurations, with the exception
of modest tuning in the damping, advection, and radiative parameters for the 25-km version to improve the
simulation of TC intensity and maintain radiative balance. The model timesteps change with resolution for nu-
merical stability. All configurations are coupled to the same 1° ocean model (with tropical refinement to 1/3°). We
use the 25-km version of SPEAR, denoted as SPEAR_HI, in this study. The details of SPEAR's physical pa-
rameterizations and configurations can be found in Delworth et al. (2020). The comparisons of the three SPEAR
resolutions in simulating the NEUS extreme precipitation are documented in Jong et al. (2023).

Here, we examine simulations with historical forcing and projected forcing following the SSP5-8.5 scenario. The
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 1921-2014. The SSP5-8.5
pathway represents a very high-end projection of future anthropogenic greenhouse gas emissions scenarios and
covers the period of 2015-2100. It is worth being cautious that the SSP5-8.5 is sometimes considered an over-
estimate of projected future warming (e.g., Burgess et al., 2021; Hausfather & Peters, 2020). SPEAR_HI has 10
ensemble members for historical and SSP5-8.5 simulations. Each historical ensemble member was initialized
from a 1,000-year Control run, starting from year 101 and with 20-year spacing to sample different phases of
internal variability. Each member was run for the period of 1921-2014 with the historical forcing and extended to
2100 using the scenario forcings described above. The different realization of possible internal variability is
represented by ensemble spread.
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2.3. Method
2.3.1. The NEUS Region

The Northeast US (NEUS) region is defined as the US land territory within 37-50°N, 80.5-67°W, including 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. Dashed-line
boxes in Figure 6 indicate the area of the NEUS region. Canada and ocean regions are masked out.

2.3.2. Extreme Precipitation Days

As we attempt to connect extreme precipitation occurrences with synoptic weather events, we use extreme
precipitation days based on the method from Henny et al. (2022) to filter out isolated extreme values. The
procedure to derive extreme precipitation days is as below:

1. For each grid point, the extreme precipitation threshold is defined as daily accumulated precipitation falling in
the 99th percentile (top 1%) of recorded wet days (>0.1 mm/day) from September to November.

2. On each day, extreme precipitation across the NEUS is summed up. Days falling in the top 20% of this sum are
defined as “extreme precipitation (EP) days.”

The duration of any precipitation event is not taken into account in this study. Each day is treated independently.
Also, this method may overlook some extreme events that occur overnight. Both the extreme precipitation
threshold and EP days threshold are based upon the climatology from 1959 to 2020.

For SPEAR_HI, each ensemble member is processed independently: namely, each ensemble member has its own
thresholds to select EP days.

2.3.3. AR Detection

ARs are identified by the detection algorithm from Mundhenk et al. (2016). This algorithm tests if the gridded
daily IVT meets specific intensity and geometry (>1,400 km in length and with an aspect ratio >1.4) criteria that
represent the plume-like nature of ARs across the globe. The IVT is defined as

1 250hPa 2 250hPa 2
IVT = - (f uq dp) + (/ vq dp)
8 1000hPa 1000hPa

where g is the gravitational acceleration, u is the zonal wind, v is the meridional wind, ¢ is the specific humidity,
and p is the pressure coordinate.

Following the previous studies (e.g., Mundhenk et al., 2018; Rutz et al., 2019; Tseng et al., 2022), we use the 94th
percentile of global daily IVT anomalies over the period of 1959-2020 as the threshold. For SPEAR_HI, the same
procedure is applied to each ensemble member. The algorithm does not track individual ARs over time, so each
IVT map is examined independently. A daily AR mask is generated: 0 for non-AR and 1 for AR for each grid cell.
This detection algorithm is compared to other AR detection algorithms within the Atmospheric River Tracking
Method Intercomparison Project (ARTMIP). The comparisons show consistency in the frequency of ARs over the
US, including both the west and east coasts, regardless of the threshold choices (O’Brien et al., 2022; Rutz
et al., 2019). The detection algorithm is available online: https://mountainscholar.org/handle/10217/170619.

2.3.4. TC Tracking Scheme

We apply the same tracking scheme to both JRA-55 reanalysis data and SPEAR_HI, following the procedure
detailed in Murakami et al. (2015). This scheme detects local minimum sea level pressure (SLP), closed contours
of SLP about storm center, warm cores, distances of storm centers from tracks, and durations of warm core as well
as wind exceeding minimum wind speed thresholds. The criteria for warm cores identification, distances of storm
centers from tracks, and minimum wind speed are adjusted differently in JRA-55 and SPEAR_HI in order for the
calculated annual total numbers of TCs across the globe to be similar to the observational number (~84). The
tracking procedure and criteria for both JRA-55 and SPEAR_HI are detailed in Text S1 in Supporting
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Figure 1. Schematic of the category procedure used to categorize EP days We follow Liu et al. (2017) using a simplified method to calculate the
into different meteorological processes, including: EP days accompanied Cyclone Phase Space parameters because 6-hourly geopotential height from
with TC-related events (TC-related-EP days), EP days accompanied with model outputs are available only at a few pressure levels. Rather than

ARs only (pure AR-EP days), and EP days accompanied with neither TC-

related nor ARs event (other).

applying linear regression on geopotential heights at multiple isobaric levels
to derive thermal winds used in the original method in Hart (2003), the
thermal wind parameters are calculated from geopotential height at two
isobaric levels: 500 and 850 hPa for —V%; 300 and 500 hPa for —VY¥. The parameter B is computed as the thermal
thickness difference between 850 and 500 hPa. More details of the simplified Cyclone Phase Space and the
assessment of its suitability can be found in Liu et al. (2017) and Bieli et al. (2020). Following Liu et al. (2017),
ET onset is the first time a TC is either asymmetric (B > 10 m) or has a cold core (—V% <0), and ET completion is
when both conditions are satisfied. For consistency, the same simplified method is also applied to the Cyclone
Phase Space parameters in JRA-55.

In SPEAR_HI future projection analyses, we consistently use the same thresholds and criteria to define EP days,
ARs, TCs, and ETs based upon the 1959-2020 climatology. As most of the current infrastructure has been built
upon the current climate, using the same historical thresholds can give us a better sense how extreme precipitation
and the resulting risk will change compared to the current climate.

2.3.6. Category Procedure

To assess different meteorological processes that may contribute to the increasing NEUS extreme precipitation,
we decompose EP days into subcategories that include EP days accompanied with TC-related events (TC-related-
EP days), EP days accompanied with ARs only (pure AR-EP days), and EP days accompanied with neither TC-
related nor ARs event (other). A schematic of this category procedure is shown in Figure 1.

1. TC-related-EP days:
For any given EP day, if there is at least one TC-related event with its center located within 1,000 km of the
NEUS region, that EP day is considered as a “TC-related-EP day.” TC-related events include both TCs and
ETs (an extratropical cyclone transitioned from a TC). We also examine the contributions of TCs and ETs
separately, denoted as “TC-EP days” and “ET-EP days.” The sum of TC-EP days and ET-EP days equals to
TC-related-EP days. Rather than 500 km as used in many previous studies (e.g., Henny et al., 2022; Huang
et al., 2018), we choose 1,000 km because a TC-related event can often bring extreme precipitation to the
NEUS even from a remote distance (e.g., Henny et al., 2022; Howarth et al., 2019) if the TC-related event
interacts with or merges into pre-existing intense extratropical moisture (e.g., predecessor rain events in
Galarneau et al., 2010).
The TC tracking and ET detection data have a six-hourly temporal resolution and can record the phase change
of a cyclone. In other words, this could record a TC experiencing transition into ET during a day. To account
for this, we treat each six-hourly time-step as 0.25 TC and ET days.

2. Pure AR-EP days:
For any given EP day, if an AR is detected in the NEUS region and there are no TC-related events tracked
within 1,000 km of the NEUS, we categorize it as a “pure AR-EP day.”

3. Other:
Any EP days that are not categorized into TC-related-EP days or pure AR-EP days are aggregated into
“Other.” Only about 15% of the observational EP days from 1959 to 2020 fall into this category (Table 1). That
is, the majority of EP days in the NEUS in the fall season are caused by either TC-related events and/or ARs.
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Table 1 The other types of meteorological factors include extratropical cyclones
The Percentage of Days With Each Meteorological Processes Relative to the (without the presence of ARs), remnants of TCs, and intense mesoscale
Total Number of Extreme Precipitation (EP) Days Over the (First Column) convective systems.

1959 to 2020, (Second Column) 1959 to 1989, and (Third Column) 1990 to

2020 Periods, in Observations

Observations

2.3.7. Statistical Significance

Pure AR-EP days
TC-related-EP days

Other EP days

1959-1989 1990-2020

61.3% 5589 In this study, the statistical significance of differences between two periods is

i R assessed using bootstrapping resampling. We first randomly shuffle the
original time series and select two periods, with the same length of the test

13.7% 15.4% period, from the shuffled time series. Then, we calculate the differences be-
tween these two randomly selected periods. The procedure is repeated 1,000
times to evaluate the significance of the targeted differences.

3. Results

3.1. Changes in Observations/Reanalysis

In the NEUS, EP days in the fall season are predominantly associated with ARs and/or TC-related events and their
occurrences have increased statistically significantly since the 1990s in observations. 58% of the EP days from
1959 to 2020 are accompanied solely by ARs (i.e., there is no TC-related event occurring within 1,000 km of the
NEUS region); while 27% of EP days are accompanied by TC-related events (TC-related-EP days), indicating the
presence of either TC and/or ET within 1,000 km of the NEUS region (Table 1; first column). This relative
contribution of TCs to extreme precipitation aligns with the numbers reported by previous studies (e.g., 36% in
Kunkel et al. (2012); 48% for September-October extreme precipitation in Huang et al. (2018); 28.3% in Henny
et al. (2022)). Of the 57 TC-related-EP days in 1961-2020, 48 have concurrent ARs present in the NEUS region.
In contrast, only about half of the 920 TC-related days see concurrent ARs (Table 2, first column). This suggests
that TC-related events interacting with extratropical ARs can facilitate synoptic scale intense precipitation across
the NEUS region, compared to TC-related events alone.

EP days in the NEUS have become much more frequent in the last three decades. Specifically, the total number of
EP days from 1990 to 2020 is 41% more than the EP days observed from 1959 to 1989 (Figure 2a). The difference
in the EP days between these two periods is statistically significant at the 95% confidence interval using the
bootstrapping method. The relative contributions of ARs and TC-related events to the increases in EP days in the
NEUS will be discussed next.

To assess the contribution of ARs to the increased NEUS EP days, Figure 2b presents the time series of the
number of EP days accompanied purely by ARs (referred to as “pure AR-EP days”) each year in observations.
Comparing the periods of 1990-2020 and 1959-1989, we find that the number of pure AR-EP days has increased
by 29%, but the difference is not statistically significant at the 90% confidence interval. The insignificant change
in the pure AR-EP days may be related to the fact that both the number of ARs over the NEUS and the intensity of
AR-related precipitation have not experienced substantial increase over the past three decades (Figures 3a and
3d). Further, the percentage of EP days exclusively associated with ARs has dropped from 61.3% in the period of

Table 2

(First Row) the Total Number of Days That There Are TC-Related Events Within 1,000 km From the NEUS Region, (Second
Row) the Number of TC-Related Days Without Any ARs in the NEUS Region, (Third Row) the Total Number of
TC-Related-EP Days for the NEUS, and (Fourth Row) the Number of TC-Related-EP Days Without Any ARs in the NEUS
Region, (Left Column) in Observations During the 1961 to 2020 Period, (Middle Column) in SPEAR_HI During the 1961 to
2020 Period, and (Right Column) in SPEAR_HI Projections During the 2041 to 2100 Period

Observations 1961-2020 SPEAR_HI 1961-2020 SPEAR_HI 2041-2100

TC-related days 920 870.9 (779-959) 789.5 (709-897)
TC-related days & No ARs 449 455.2 (403-496) 234.2 (191-278)
TC-related-EP days 57 57.7 (43-69) 74.6 (65-100)
TC-related-EP days & No ARs 9 13.3 (9-19) 12 (7-20)

Note. Numbers in parentheses show the spread of the ensemble members.
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Observational Frequency: Sep-Nov (1959-2020) 1959-1989 to 55.8% in 1990-2020 (Table 1; top row), implying that the

relative contribution of pure ARs to the NEUS EP days have declined in the

(a) Extreme precipitation days recent decades. Collectively, ARs are not the primary contributor to the

N1990 - 2020/N1959 - 1989 = 1.41*

# days

1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016

N Pure AR
mmm TC-related
other

enhanced occurrences of EP days over the NEUS since the 1990s.

TC-related events, on the contrary, have played a dominant role in the
enhanced occurrences of EP days over the NEUS since the 1990s. The total
number of TC-related-EP days has surged by 60% from 1959-1989 to 1990-

(b) Pure AR-EP days 2020 (Figure 2c). This rise is also reflected in the percentage of EP days

N1990 - 2020/N1959 - 1989 = 1.29

# days

accompanied by TC-related days, which has grown from 25.0% in 1959-1989
to 28.8% in 1990-2020 (Table 1; middle row). This shows an increased
relative contribution of TC-related events to extreme precipitation over the
region. To further investigate how TC-related events have caused more

1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016 frequent EP days, we decompose TC-related events into TCs and ETs (see

(c) TC-related-EP days Methods for more details; Figures 2d and 2e). The surge in EP days is mostly

N1990 - 2020/N1959 - 1089 = 1.62*

# days

(d)

promoted by the amplified impacts of ETs, rather than by TCs. The total
number of EP days accompanied by ETs only (ET-EP days) in 1990-2020 is
three times the number in 1959-1989, whereas the total number of EP days
accompanied by solely TCs (TC-EP days) remains similar between the two

1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016 periods. Notably, the increased numbers of ET-EP days, are not attributable to
TC-EP days

the frequency of ET's as the number of ETs hitting the NEUS region does not

N1990 - 2020/N1959 - 1989 = 1.10

# days

(e)

1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016
ET-EP days

exhibit a statistically significant increase since the 1990s in JRA-55
(Figure 3c). Precipitation intensity, instead, is the leading cause of the
increased numbers of ET-EP days: the intensity of precipitation over the
NEUS region when ETs are present has doubled in 1990-2020, compared to
that in 1959-1989 (Figure 3f). This increase in ET precipitation intensity is

N1990 - 2020/N1959 - 1989 = 3.00%

# days

statistically significant at the 95% confidence interval.

In brief, in observations, the increased extreme precipitation over the NEUS
in the fall season is primarily attributed to the enhanced precipitation intensity

E = o= related to ETs near the NEUS region. As a sensitivity test, we also used a

1961, 71966 971 1976 081 :1986 991 996 2001 2006 2011 2016 500 km distance threshold to select TC-relate-EP days over the NEUS, and

Figure 2. (a) Time-series for the number of extreme precipitation (EP) days
over the NEUS in September-November in each year in observations from

this does not change the conclusion that ETs are the dominant contributor to
the extreme precipitation trend over the NEUS (not shown). Next, we apply

1959 to 2020. The NEUS EP days are further categorized based upon the the same analysis to SPEAR_HI to assess the change in EP days and the
accompanied synoptic-scale meteorological factors: EP days accompanied contributions of ARs versus TC-related events to the EP days in the model's
by (b) ARs only (pure AR-EP days); (c) TC-related events (TCs and/or ETs; historical period.

TC-related-EP days); (d) TCs (TC-EP days); and (e) ETs (ET-EP days). The

numbers in each panel are the ratios between the total numbers of days in

1990-2020 versus the numbers in 1959—-1989. Asterisks (crosses) indicate 3.2. Changes in SPEAR_HI Historical Simulations
the differences between the two periods are statistically significant at the

95% (90%) confidence level.

In SPEAR_HI, EP days over the NEUS are also mostly associated with ARs

and TC-related events as observed. Specifically, approximately 55% of EP
days in 1959-2020 are accompanied purely by ARs within the NEUS region and roughly 30% of EP days are
accompanied by TC-related events occurring within 1,000 km from the NEUS (Table 3, first column). These
percentages are similar to the relative contributions to extreme precipitation as shown in observations (Table 1).
Correspondingly, TC-related events that are concurrent with extratropical ARs can amplify the potential for
synoptic scale intense precipitation across the NEUS region, compared to TC-related events alone. In the
SPEAR_HI ensemble mean, only 13 out of the 58 TC-related-EP days are exclusively TC-related with no
concurrent presence of ARs in the NEUS (Table 2, second column). EP days also have increased significantly in
the recent three decades in SPEAR_HI: the total number of EP days in 1990-2020 is about 30% more than the
number in 1959-1989, and the difference between the two periods is statistically significant at the 95% confidence
interval (Figure 4a). For each ensemble member, the ratio of total EP days between 1990-2020 and 1959-1989
ranges from 0.98 to 1.71. Four (six) out of the 10 members simulate statistically significant increases in the later
period at the 95% (90%) confidence levels, indicating a good agreement that the incidence of EP days has
increased greatly in the later period.
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Observations : Frequency
(a) AR days (in NEUS)

Observations : Intensity
(d) AR days (in NEUS)
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Figure 3. In observations, (left) the numbers of days that there are (a) ARs in the NEUS region; (b) TCs within 1,000 km from the NEUS; and (c) ETs within 1,000 km
from the NEUS in September-November in each year. The numbers are the ratios between the total numbers of days in 1990-2020 versus the numbers in 1959-1989.
(right) The average intensity of precipitation over the NEUS during (d) AR days; (e) TC days; and (f) ET days. The precipitation intensity is averaged over the numbers
of grid points that record precipitation (>0.1 mm/day) during each event and the event numbers in each year. The unit of the precipitation intensity is mm/day. The
numbers in the right panels are the average precipitation intensity over the NEUS in 1990-2020 versus the intensity in 1959-1989. Asterisks indicate the differences
between the two periods are statistically significant at the 95% confidence level.

EP days accompanied purely by ARs increased significantly about 25% in the period of 1990-2020 compared to in
1959-1989, in SPEAR_HI (Figure 4b). This rise in pure AR-EP days may be linked to the slight increase in the
number of AR days occurring in the NEUS region (Figure 5a): the total AR days in the NEUS region have enhanced
about 10% in the later period. Conversely, the intensity of precipitation over the NEUS region when ARs are present
remains similar (Figure 5d). Although the number of pure AR-EP days has increased significantly in the later
period, the relative contribution of ARs to EP days has declined slightly from 57% in 1959-1989 to 54% in 1990—
2020 (Table 3, top row). These comparisons imply that, in SPEAR_HI, the increase in AR frequency over the
NEUS region may contribute marginally to the increased EP days. However, in general, ARs do not emerge as the
dominant source driving the trend of extreme precipitation over the NEUS in the past three decades.

The increased EP days, on the other hand, are primarily driven by the increased influences from TC-related
events. TC-related-EP days have surged by roughly 60% in the period of 1990-2020 compared to the number

Table 3

The Percentage of Days With Each Meteorological Processes Relative to the Total Number of EP Days Over the (First
Column) 1959 to 2020, (Second Column) 1959 to 1989, (Third Column) 1990 to 2020, and (Fourth Column) 2041 to 2100
Periods, in SPEAR_HI Historical and SSP5-8.5 Simulations

SPEAR_HI 1959-2020 1959-1989 1990-2020 2041-2100
Pure AR-EP days 55.5% 56.9% 54.3% 66.1%
(47.9%61.2%) (45.7%—63.1%) (44.9%-59.6%) (62.3%—68.6%)
TC-related-EP days 28.6% 25.1% 31.3% 21.5%
(24.0%-33.4%) (19.9%-31.4%) (24.7%-37.6%) (19.2%-28.3%)
Other EP days 15.9% 18.0% 14.4% 12.4%

(12.6%-21.1%) (11.3%-32.5%) (8.9%-19.4%) (9.4%-15.0%)

Note. Numbers in parentheses show the spread of the ensemble members.
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# days

SPEAR_HI Frequency: Sep-Nov (1959-2020)

(a)

EmE Pure AR
B TC-related
other

Extreme precipitation days
N1990 - 2020/N1959 — 1989 = 1.31* (0.98-1.71%)

1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016

(b) Pure AR-EP days
N1990 - 2020/N1959 - 1989 = 1.25* (0.93-1.86*)

(c) TC-related-EP days

N1990 - 2020/N1959 - 1089 = 1.63* (0.97-2.87*)

1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016

(d) TC-EP days
N1990 - 2020/N1959 — 1989 = 1.70* (1.00-3.38*)

1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016

(e) ET-EP days
N1990 - 2020/N1959 - 1989 = 1.34 (0.79-3.50%)

1961 1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016

Figure 4. Same as Figure 2, but for SPEAR_HI ensemble simulations. Bars

are the ensemble mean of SPEAR_HI. Thin lines indicate the spread across

the 10 ensemble members. The ratio numbers in the parentheses are the

range of the ratios from each ensemble member.

in 1959-1989 (Figure 4c). For individual ensemble members, the ratio of total
TC-related-EP days between the two periods ranges from 0.97 to 2.87, sug-
gesting that the majority of ensemble members agree on the sign of changes in
TC-related-EP days. In addition, four (six) out of the 10 members simulate
statistically significant increases in the later period at the 95% (90%) confi-
dence levels. The percentage of EP days associated with TC-related events
increases from about 25% in the period of 1959-1989 to about 31% in 1990-
2020 (Table 3, middle row), supporting the increased relative contribution of
TC-related events to the overall trend of extreme precipitation.

The contribution of TC-related events in SPEAR_HI is further decomposed
into the contribution from TCs versus from ETs (Figures 4d and 4e). TC-EP
days are 70% more frequent in the later period. Across individual ensemble
members, the ratio of the frequency between these two periods ranges from 1
to 3.38 and five out of the 10 members simulate statistically significant in-
creases in the later period at the 95% confidence levels, indicating a consensus
among all ensemble members that the frequency of TC-EP days either re-
mains about the same or increases markedly in the later period. The enhanced
influence from TCs to the NEUS extreme precipitation is attributable both to
the increased number of TCs near the NEUS region (Figure 5b) and the
strengthened intensity of precipitation over the NEUS related to TCs
(Figure 5e). In contrast to the robust change of TC-EP days in the model,
SPEAR_HI simulates a large ensemble spread of the change in ET-EP days
(Figure 4e): the ratio of frequency between the two periods ranges from 0.79
to 3.50, suggesting substantial internal variability. The large internal vari-
ability is also reflected in the ET frequency near the NEUS region:
SPEAR_HI ensemble members do not agree on the sign of the change in ET
frequency (Figure 5c). Thus, in SPEAR_HI, the increased extreme precipi-
tation over the NEUS in the fall season is dominantly influenced by TCs near
the NEUS region in the historical period.

The frequency of intense precipitation on synoptic scale across the NEUS
region, namely EP days in this study, has significantly increased since circa
the 1990s. The trend is primarily attributed to the enhanced influences from
ETs in observations. The observed ET-EP days are twice frequent in 1990—
2020 compared to in 1959-1989. In SPEAR_HI, however, the dominant
contributor comes from TCs; while the simulated ET-EP days show no sig-
nificant change in the later period.

To address the discrepancy concerning the contribution of ETs to the NEUS extreme precipitation between the
observational and SPEAR_HI results, we next investigate the performance of SPEAR_HI in simulating the

frequency of TC-related events, with a particular focus on ETs. Figure 6 presents the track density of TCs that

undergo extratropical transition process (upper panels; ET cases) versus TCs that do not undergo extratropical

transition process (lower panels; non-ET cases) in September to November from 1959 to 2020 for both JRA-55

and SPEAR_HI. These track density maps consist of the entire life cycle of each cyclone, including the ET as well
as TC phases. Comparing between JRA-55 and SPEAR_HI, SPEAR_HI underestimates the frequency over the
Gulf of Mexico and overestimates the frequency over the central tropical North Atlantic, in both ET cases and

non-ET cases. The overall distributions, nevertheless, show a good agreement between SPEAR_HI and JRA-55,

including the recurving feature, the distribution along the East Coast of North America and the poleward latitude
to which these cyclones extend. Also, the comparable frequency and spatial distribution of ET-TCs and non-ET-
TCs between SPEAR_HI and JRA-55 suggest that the model is proficient to simulate extratropical transition
process associated with these TCs. The discrepancy in the contributions of ETs versus TCs to the NEUS extreme

precipitation may be related to the location where a TC undergoes extratropical transition process. TCs in

SPEAR_HI may experience the transition process “later” in their trajectory compared to what occurs in obser-

vations. In this case, in SPEAR_HI, when a cyclone approaches the NEUS region, it is more likely to still be
classified as a TC, leading to more extreme precipitation attributed to TCs. Conversely, in observations, the
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Figure 5. Same as Figure 3, but for SPEAR_HI ensemble simulations. Bars are the ensemble mean of SPEAR_HI. Thin lines indicate the spread across the 10 ensemble
members. The ratio numbers in the parentheses are the range of the ratios from each ensemble member.

cyclone is more likely to have already transitioned into an extratropical cyclone when it approaches the NEUS.
Details about extratropical transition process in SPEAR_HI are beyond the scope of this work and will be
addressed in the future. In general, SPEAR_HI demonstrates its capability to capture TC-related events in vicinity
to the NEUS region, causing extreme precipitation over the region.

SPEAR_HI has shown strong performance in simulating the frequency and variability of extreme precipitation
over the NEUS in the present climate. Further, SPEAR_HI can reasonably simulate the relative contributions of
ARs and TC-related events to the NEUS extreme precipitation. As extreme precipitation over the NEUS is ex-
pected to become more frequent due to anthropogenic warming (e.g., DeGaetano & Castellano, 2017; Hayhoe
etal., 2007; Jong et al., 2023; Nazarian et al., 2022; Ning et al., 2015; Picard et al., 2023), we next use SPEAR_HI
to evaluate how the contributions of ARs and TC-related events to the NEUS extreme precipitation will change in
response to anthropogenic warming.

3.3. Future Projections From SPEAR_HI

Under the SSP5-8.5 simulations, EP days are projected to nearly double by the end of the 21st century, based upon
the historical climatology from 1959 to 2020 (Figure 7a). The annual averaged EP days in 2091-2100 is about
6.6 days, compared to 3.9 days in 2011-2020. In Jong et al. (2023), they used the same model with the same SSP5-
8.5 simulations, showing that the frequency of extreme precipitation, considering all the grid points in the NEUS
region based upon the 99th percentile of the 1951-2020 climatology, is projected to become 2.4% by 2100. The
results here align with this trend, even though we use the synoptic-scale EP days in this work. In the future
projections, the majority of EP days will continue to be predominantly related to either ARs and/or TC-related
events (87.6% in total; Table 3, fourth column), although the contribution from ARs will increase: about two-
thirds of the EP days will be connected to pure ARs, absent any TC-related events in proximity. This contrasts
with the period from 1959 to 2020, during which only about 55.5% of EP days are associated with pure ARs.

The growing relative contribution of pure ARs to extreme precipitation is connected to the projected increase in
pure AR-EP days over the NEUS: the total number of pure AR-EP days in 2041-2100 would double when
compared to the number in 1961-2020 (Figure 7b). The projected change in pure AR-EP days can be directly
attributed to the increase in ARs frequency, which may depend on the AR detection algorithm used. In this study,
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Figure 6. TC density showing the annual averaged frequency of TC in each 2.5° X 2.5° grid box in September—November during the 1959 to 2020 period for (top) ET
cases, that is, TCs that experience extratropical transition process and (bottom) non-ET cases, that is, TCs that do not experience extratropical transition process from
(left) JRA-55 and (right) SPEAR_HI ensemble mean. Red dashed line boxes indicate the region of the NEUS used in this study. Red solid line boxes indicate the area of

1,000 km from the NEUS.

we employ the AR detection algorithm that uses a fixed IVT threshold based on the 1959-2020 climatology
(Mundhenk et al., 2016). Under this approach, the projected change in the AR frequency in the future climate is
dominated by the heightened atmospheric moisture content. The number of ARs days over the NEUS region is
thereby projected to increase as atmospheric moisture increases with warming climate, leading to more frequent
pure AR-EP days. It is worth noting that alternative AR detection algorithms, such as Tempest (Ullrich &
Zarzycki, 2017), which uses time-dependent IVT thresholds, have been employed in previous studies. These
alternative methods have highlighted that changes in AR frequency can be predominantly influenced by a
meridional shift in storm tracks. Nonetheless, the overarching trend of ARs over the NEUS is not affected by the
algorithm, both methods show increasing ARs frequency over the NEUS (O’Brien et al., 2022; Tseng et al., 2022;
Zhao, 2020). Although the degree of increase in ARs frequency can be affected by whether the algorithm uses a
stationary or a time-dependent IVT threshold, we decide to use a stationary IVT threshold based upon the his-
torical climatology. The choice is motivated by the fact that most of the infrastructure has been built upon the
historical climatology and this approach can give us a better sense of how extreme precipitation associated with
ARs will change compared to the current climate.

TC-related-EP days are also projected to rise, even though the relative contribution of pure ARs to EP days will
dominate. The decline in the relative contribution of TC-related events to EP days (Table 3, fourth column) can be
attributed to both the increase in the occurrence of ARs and the decrease in TC numbers in the North Atlantic
under the SSP5-8.5 simulations. Consistent with the majority of GCMs results (e.g., reviews by Knutson
etal., 2020; Sobel et al., 2021), SPEAR_HI projects a decrease in basin-total TC numbers over the North Atlantic
in a warming climate: the total number of TCs in the North Atlantic for the period 2041-2100 is projected to be
only 60% of the number in 1961-2020 (Figure 8a). Intriguingly, despite the marked decrease in the projected
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Figure 7. Extreme precipitation (EP) days from SPEAR_HI historical (1959-2014) and SSP5-8.5 (2015-2100) simulations.
(a) Time-series for the number of EP days over the NEUS in September—November in each year. The NEUS EP days are
further categorized based upon the accompanied synoptic-scale meteorological factors: EP days accompanied by (b) ARs
only (pure AR-EP days); (c) TC-related events (TCs or/and ETs; TC-related-EP days). Bars are the ensemble mean of
SPEAR_HI. Thin lines indicate the spread of the ensemble members. The numbers in each panel are the ratios between the
total numbers of days in 2041-2100 versus the numbers in 1961-2020. Asterisks indicate the differences between the two
periods are statistically significant at the 95% confidence level. The vertical black dashed lines indicate the year of 2014, the
onset of the SSP5-8.5 projection simulations.

basin-total TC numbers, TC-related-EP days over the NEUS are projected to increase significantly by about 30%
in 2041-2100 compared to in 1961-2020 (Figure 7c). Several potential factors may contribute to this distinction:
increasing interaction between TCs and ARs, enhancing TC intensity, strengthening TC-related precipitation
intensity, and change in TC tracks.

The projected increasing TC-related-EP days may be partially attributed to the greater frequency of ARs coex-
isting in the NEUS region. As aforementioned, the presence of ARs in the NEUS during a TC-related event is
conducive to extreme precipitation over the NEUS compared to a TC-related event occurring alone. With ARs
projected to become more frequent in the future, each TC-related event will be more likely to interact with
extratropical ARs, bringing more extreme precipitation to the NEUS. In the SPEAR_HI projections, TC-related-
EP days with no ARs in the NEUS region shows no change in between 2041-2100 and 1961-2020. In contrast,
TC-related-EP days with concurrent ARs in the NEUS are expected to increase largely (Table 2).
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Figure 8. Time-series for SPEAR_HI historical (1959-2014) and SSP5-8.5 (2015-2100) simulations: (a) annual TC numbers
in the North Atlantic. The number on the upper right is the ratio of the total TC numbers in 2041-2100 versus the numbers in
1961-2020. (b) The numbers of days that the NEUS and its vicinity experience TCs or/and ETs in September—November
each year. The number on the upper right is the ratio of the total days in 2041-2100 versus the numbers in 1961-2020.
Asterisks indicate the differences between the two periods are statistically significant at the 95% confidence level. The solid
thick black lines are the SPEAR_HI ensemble mean. The gray shaded areas encompass the spread of ensemble members. The
vertical black dashed lines indicate the year of 2014, the onset of the SSP5-8.5 projection simulations.

Although TC number is projected to decrease, TC intensity is projected to strengthen in a warming climate.
Studies using dynamical models with horizontal resolution of 60 km or finer have agreed on a projected
strengthening average maximum TC intensity (e.g., Knutson et al., 2020; Murakami & Sugi, 2010; Patricola &
Wehner, 2018). We also examine the change in maximum TC intensity in the SPEAR_HI projections. Figure 9
illustrates the probability density function of averaged lifetime maximum surface wind speed and minimum SLP
of TCs in the North Atlantic in each year from all the ensemble members. The distributions of both maximum
surface wind speed and minimum SLP of TCs in 2041-2100 are statistically significantly wider than those in
1961-2020. This suggests that, in the future projections, a TC will have higher probability of becoming stronger
compared to the current climate. Such intensification of TCs, including the likelihood of major hurricanes, can
potentially elevate the risk, including extreme precipitation over densely populated areas such as the NEUS
region.

The intensification of near-storm TC precipitation in a warming climate stands as one of the confidently projected
changes among various TC activity metrics, based on many previous studies, over both ocean and land area (e.g.,
Knutson et al., 2020; Liu et al., 2018; Stansfield, Reed, & Zarzycki, 2020; Huang et al., 2021; and references
therein). Here, we check the composite of daily precipitation anomalies over the NEUS when there is a TC-related
event occurring within 1,000 km from the NEUS in the SPEAR_HI SSP5-8.5 simulations (Figure 10a). The
projected precipitation anomalies composite for 2041-2100 are statistically significantly wetter than the com-
posite for 1961-2020 across almost the entire NEUS region. On the other hand, the numbers of precipitation days
when there are TC-related events within 1,000 km from the NEUS region are projected to decrease (Figure 10b).
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Figure 9. (a) Probability density function of TC lifetime maximum surface wind speed averaged annually per each ensemble
member for the 2041-2100 period (green solid line) versus 1961-2020 (black dashed line) in the North Atlantic in
SPEAR_HI. (b) Same as (a), but for the TC lifetime minimum SLP.

These results suggest that, even though the NEUS will experience less TC-related days in the future, precipitation
rate of each TC-related event will intensify, contributing partially to the increasing TC-related-EP days in the
future.

SPEAR_HI: 2041-2100 minus 1961-2020

Precip composite # of precip days
(TC+ET days) (b) (TC+ET days)
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Figure 10. The composites of (a) average precipitation during TC-related days of the NEUS (i.e., there are TCs or/and ETs within 1,000 km from the NEUS region) and
(b) the average numbers of precipitation days when there are TCs or/and ETs within 1,000 km from the NEUS region each year. The maps show the composites in 2041—
2100 from the SPEAR_HI SSP5-8.5 simulations minus the composites in 1961-2020 from the SPEAR_HI historical simulations. The dots denote the differences
between the two periods are statistically significant at the 95% confidence level.

JONG ET AL.

15 of 22

85U8017 SUOWILIOD BA 181D 8|edldde au3 Aq paueA0b 818 S0 1e YO 88N JO S9NJ Joj AeJq 1 8UIIUO AB]IAA UO (SUORIPUOD-PUB-SWBYI0D A8 | 1M Alelq 1 jBullJUo//Sty) SUORIPUOD pue swie | 8L aes *[z02/70/2T] uo Akeiqi]aulluo A8|IMm ‘qe pInid osAydoss-eeoN A 0LE70043€202/620T 0T/10P/W00" A 1M Areqipul|uo'sgndnfie//sdny woly pepeolumod ‘v ‘7202 ‘L2822



. Yed J |
M\I Earth's Future 10.1029/2023EF004370
SPEAR_HI: 2041-2100 minus 1961-2020
(a) TC+ET track densit (b) TC genesis location
60N l_\' 4 AN 60N ‘_\— r LUZAN
50N SON-% _______
40N 40N 1
30N 30N A
20N 20N
10N 10N A
100W 100W 80W 60W 40W 20W
¥ T T —
-01 00 01 0.2 03 04
# per year

Figure 11. (a) Projected change in the annual September-November frequency of TC-related events (TCs plus ETs) in the SPEAR_HI historical and SSP5-8.5
simulations. The map shows the track density in 2041-2100 minus the track density in 1961-2020. (b) Spatial distribution of projected change in the annual September—
November frequency of TC genesis in SPEAR_HI. The map shows the frequency of TC genesis location in 2041-2100 minus the frequency in 1961-2020. The dots
denote the differences between the two periods are statistically significant at the 95% confidence level. Blue dashed line boxes indicate the region of the NEUS used in
this study. Blue solid line boxes indicate the area of 1,000 km from the NEUS.

The number of days that the NEUS and its vicinity experience TC-related events is projected to decrease. The
decreasing rate, however, is much slower than the decreasing rate of TC basin-total numbers (Figure 8). The total
days that the NEUS experiences TC-related events in 2041-2100 is about 90% of the number in 1961-2020
(Figure 8b). The discrepancy in the decreasing rates could be related to changes in TC tracks. Figure 11a dis-
plays the differences in TC density over the North Atlantic between 2041-2100 and 1961-2020. The TC number
is projected to decrease statistically significantly in SPEAR_HI almost everywhere in the North Atlantic, except
the region along the east coast of the US. The projected change in the TC number near the East Coast shows no
significant change. These spatial varied changes in the TC density imply that TC tracks would shift westward,
closer to the US East Coast in a warming climate. The westward shift in the TC tracks can enhance TCs' impacts
on the coastal region, even though the TC number would decrease. The shift in the TC tracks might be partially
related to the shift in the TC genesis location (Figure 11b): although the model projects marked decline in genesis
frequency in the tropical Atlantic, the genesis frequency near the coastal southern US is projected to increase.

In summary, in a future warming climate, both AR-related and TC-related extreme precipitation over the NEUS
are projected to increase, even though the numbers of TC in the North Atlantic are projected to decrease in the 25-
km GFDL-SPEAR SSP5-8.5 simulations. Factors such as increasing interaction between TCs and ARs,
enhancing TC intensity, strengthening TC-related precipitation, and/or westward shift in TC tracks may offset the
influence of declining TC numbers in the model projections, leading to more frequent TC-related extreme pre-
cipitation over the NEUS.

4. Conclusion and Discussion

In this study, we examine the changes in synoptic-scale contributions to extreme precipitation trends over the
NEUS in the fall season in both the historical period and future projections using a high-resolution (25 km atm)
model (GFDL SPEAR_HI). We categorize September to November extreme precipitation (EP) days based on
daily cumulative precipitation over the NEUS into weather types: EP days accompanied with tropical cyclone-
related events (TC-related-EP days), EP days accompanied with atmospheric rivers (ARs) only (pure AR-EP
days), and EP days accompanied with neither TC-related nor ARs event (other).
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In observations, the majority of EP days are AR days and/or TC-related days. Specifically, approximately 27% of
the EP days are linked to TC-related events, while 60% of the EP days are solely attributed to AR events for the
1959 to 2020 period. The primary contribution to the increasing EP days is caused by TC-related events, espe-
cially the influence from extratropical transitions (ETs). The EP days associated with ETs have occurred twice as
frequently during the 1990 to 2020 period compared to the preceding 1959 to 1989 period. The number of pure
AR-EP days, on the other hand, exhibits no statistically significant trend from 1959 to 2020. We apply the same
analysis to the SPEAR_HI historical simulations. Similar to observations, the rising EP days are mainly attributed
to TC-related events, with a smaller influence from pure AR events. Interestingly, the increasing number of TC-
related-EP days in SPEAR_HI is dominated by TCs, whereas the number of EP days associated with ETs changes
very little from 1959 to 2020. Despite the discrepancy, SPEAR_HI faithfully simulates the relative contributions
of ARs and TC-related events to extreme precipitation over the NEUS similar to observations. Also, SPEAR_HI
captures the contribution of TC-related events to the extreme precipitation trend over the region for the historical
period.

In the SPEAR_HI SSP5-8.5 projections, when employing the same criteria based on the climatology of 1959—
2020, both AR-related and TC-related EP days over the NEUS are projected to increase. The increase in pure
AR-EP days is projected to outpace the increase in TC-related-EP days. This projected rise in pure AR-EP days
can be directly attributed to the heightened frequency of AR events, a consequence of the increase in atmospheric
moisture in response to the warming climate. On the other hand, the slower increase in TC-related-EP days is
restrained by the projected decrease in TC number over the North Atlantic in a warming climate. Nevertheless, in
spite of the projected decrease in the North Atlantic TCs, TC-related-EP days are projected to surge by about 50%
by the late 21st century. The effect of decreasing TC number is overpowered via several factors. These include
intensification of TCs, strengthened TC-related precipitation, shifts in TC tracks and genesis locations, and rising
interaction between TCs and AR events.

Changes in the relative contribution of ARs or TC-related events to extreme precipitation play a significant role in
shaping the spatial distribution of precipitation. Precipitation caused by midlatitude systems such as ARs and ETs
tends to cover a broader area across the NEUS, including inland locations (e.g., Evans et al., 2017). Conversely,
precipitation caused by TCs tends to be more localized and closer to the coastal regions with stronger intensity
(Figures S2 and S3 in Supporting Information S1). These differences in the spatial patterns of extreme precip-
itation during different weather types have profound implications for flood prevention and mitigation strategies.

Compared with observations, SPEAR_HI exhibits a discrepancy in simulating trends in EP days associated with
TCs compared to those associated with ETs. In observations, the increasing trend of EP days is primarily
attributed to ETs, while in SPEAR_HI, influences from TCs dominate the increasing trend of EP days. One
possible explanation for this disparity is that in SPEAR_HI, TCs may undergo extratropical transition process
later than they do in observations. SPEAR_HI can still effectively replicate extreme precipitation pattern and
frequency caused by TC-related events in proximity to the NEUS region when we aggregate TCs and ET's as TC-
related events. However, since the precipitation spatial patterns caused by TCs and ETs differ substantially
(Figures S2 and S3 in Supporting Information S1), caution should be taken when utilizing the model projection to
address future extreme precipitation associated with TC-related events.

The discrepancy in simulating the latitude and timing at which TCs undergo extratropical transition may lead to
other potential impacts besides the spatial pattern of precipitation across the NEUS. For example, transitioning
cyclones can alter the large-scale circulation such as exciting downstream Rossby waves and modulating
downstream weather patterns (e.g., Evans et al., 2017; Michaelis & Lackmann, 2019). The potential conse-
quences of this discrepancy in ETs on downstream hydroclimate extreme simulation in SPEAR_HI, as well as the
underlying reasons for this discrepancy are subjects for future work.

Another caveat of this study is that we have relied solely on one climate model. Our choice is limited by the
availability of fully coupled climate models with higher horizontal resolution that permit the more realistic
representations of the spectrum of TC intensities and multiple ensemble members. Previous research has indi-
cated that larger ensembles (>10 members) are essential to assess the multidecadal variability of very extreme
precipitation events in the NEUS (Jong et al., 2023). Despite this limitation, several key findings in our study align
with previous studies. For instance, other studies using CMIP5/6 models, based on either stationary or time-
dependent IVT thresholds, have projected increases in the frequency of ARs over Northeastern North America
(e.g., O’Brien et al., 2022). Additionally, AR-related precipitation has also been shown to intensify in response to
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a warming climate (e.g., Nellikkattil et al., 2023). Both of these are consistent with our finding that pure AR-EP
days will become more frequent in the future.

Larger uncertainties in our results arise from the projections regarding TCs. The question whether the number of
TCs over the North Atlantic will decrease in a future warming climate remains highly uncertain (as discussed in
Knutson et al., 2020; Sobel et al., 2021). On the contrary, there is more robust evidence supporting increases in TC
intensity and the intensity of TC-related precipitation (e.g., Kitoh & Endo, 2019; Knutson et al., 2020; Liu
etal., 2018; Patricola & Wehner, 2018; Stansfield, Reed, & Zarzycki, 2020; Wright et al., 2015). Other aspects of
TC projections, such as shifts in TC tracks and genesis locations closer to the US East Coast, introduce further
uncertainties as based on just one climate model projection. Also, TC genesis locations and tracks in SPEAR_HI
have presented some inconsistencies compared with observations. Nonetheless, our study underscores that the
changing contribution of TCs to regional extreme precipitation along the US East Coast in the future warming
climate is subject to a wide array of factors. Even if the TC number declines in the future, the frequency of extreme
precipitation events associated with TCs may still rise.
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