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Abstract

Rapid reductions in greenhouse gas (GHG) concentrations are increasingly included in mitigation
strategies, yet the response of regional climate extremes to such reductions remain highly uncertain.
Here, we assess projected changes in extreme precipitation over the Northeast US under an
aggressive overshoot mitigation pathway (SSP5-3.40S), simulated by the fully coupled 25-km
GFDL SPEAR climate model. In this scenario, hypothetical mitigation efforts are introduced
starting in 2041, with net-negative GHG emissions achieved by the late 21 century. The frequency
of extreme precipitation over the Northeast US increases through mid-century under higher
radiative forcing but begins to decline following the sharp reductions in GHG concentrations.
However, the rate of decrease exhibits pronounced seasonality. In the warm season, extreme
precipitation frequency begins to decline shortly after GHG drawdown begins, returning by 2100
to levels comparable to those of the early 21 century. In the cold season, on the other hand, the
response is delayed; the frequency of extreme precipitation continues rising for roughly a decade
after the peak global mean warming and exhibits hysteresis behavior. By 2100, cold-season
extremes only then return to mid-century levels. This delayed response in the cold season is
spatially heterogeneous, suggesting that major metropolitan areas in the Northeast — with dense
populations and vulnerable infrastructure — may experience different seasonal changes in response
to the same climate migration efforts. These results highlight the benefit of climate mitigation in
reducing extreme precipitation events, but also the complexity of regional climate responses,

which can be modulated by seasonality, local-scale effects, and other factors.
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1. Introduction

Extreme precipitation has increased over many land areas globally since the mid-20th century (e.g.,
Westra et al. 2013; Donat et al. 2013, 2016; Asadich and Krakauer 2015; Dunn et al. 2020; Sun et
al. 2021). At least part of this rise has been attributed to anthropogenic forcing (Min et al. 2011;
Zhang et al. 2013; Fischer and Knutti 2015, 2016; Seneviratne et al. 2021), and extreme
precipitation is projected to continue increasing with greater global warming (Fowler and
Hennessy 1995; O’Gorman and Schneider 2009; O’Gorman 2015; Donat et al. 2016; Seneviratne
et al. 2021; Thackeray et al. 2022; Kotz et al. 2024). In recent years, new climate scenarios have
been developed to begin exploring the effects of rapidly reducing greenhouse gases (GHG) through
plausible future climate mitigation pathways. Many of these efforts aim to limit global warming
levels to below 1.5°C or 2°C above preindustrial levels — the targets established in the Paris
Agreement (Azar et al. 2013; UNFCC 2015; Rogelj et al. 2018; Kikstra et al. 2022; IPCC 2022;
Priitz et al. 2023; Schleussner et al. 2024). While the global mean surface temperature (GMST) is
expected to decline monotonically in response to falling GHG concentrations (Samanta et al. 2010;
Boucher et al. 2012; Tokarska et al. 2019; Tebaldi et al. 2021; Delworth et al. 2022; Koven et al.
2022; Kim et al. 2022; Labe et al. 2024; Pfleiderer et al. 2024), the responses of other aspects of
the climate system — especially regional extreme events — remain more uncertain and
comparatively understudied (Mondal et al. 2023; Pfleiderer et al. 2024; Reisinger et al. 2025;
Roldan-Goémez et al. 2025).

Due to the nonlinear nature of the climate system and the varying timescales of its different
components, the responses of climate variables to declining GHG concentrations may not be fully
reversible to their initial states (climate reversibility) and/or exhibit lagged, path-dependent
behaviors (hysteresis) (Solomon et al. 2009; Held et al. 2010; Boucher et al. 2012; Zickfeld et al.
2013; Tebaldi and Friedlingstein 2013; Mathesius et al. 2015; Samset et al. 2020; Melnikova et al.
2021; Koven et al. 2022; Schleussner et al. 2024; Pfleiderer et al. 2024; Reisinger et al. 2025;
Roldan-Gomez et al. 2025). Sea level is one example that is effectively irreversible on timescales
relevant to human society, with ocean waters continuing to rise well beyond the point when net-
zero GHG emissions are achieved (Ehlert and Zickfeld 2018; Mengel et al. 2018; Palter et al. 2018).
On the other hand, other variables, like global mean precipitation, show path dependance and

follow distinct trajectories during phases of global warming increase and subsequent decrease (e.g.,
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Cao et al. 2011; Jeltsch-Thommes et al. 2020; Zickfeld et al. 2021; Kim et al. 2022; Walton and
Huntingford 2024). This hysteresis mainly arises from the large inertia and multiple feedback
processes within the climate system, thus leading to a delayed recovery in response to decreasing
radiative forcing (e.g. Held et al. 2010; Cao et al. 2011; Boucher et al. 2012; An et al. 2021;
Zickfeld et al. 2021; Delworth et al. 2022; Koven et al. 2022). In addition, responses to radiative
forcing can also be modulated by dynamical processes at local and regional scales (Chadwick et
al. 2013; Zappa et al. 2020; Delworth et al. 2022) and/or through internal variability (Tebaldi and
Friedlingstein 2013; Deser 2020; Diffenbaugh et al. 2023; Walton and Huntingford 2024).

At this stage, the GMST is highly likely to (at least temporarily) exceed the target warming limits
(Huntingford and Lowe 2007; Raftery et al. 2017; Hausfather and Peters 2020; Peters 2024; Forster
et al. 2025; Hausfather 2025). Aggressive mitigation efforts with rapid GHG drawdowns are,
therefore, more likely to be required (Gasser et al. 2015; Tebaldi et al. 2021; IPCC 2022; Kikstra
et al. 2022; Schleussner et al. 2024). To then assess the effects of rapid GHG reductions, an array
of studies have used idealized carbon dioxide (CO;) removal scenarios, in which CO>
concentrations are linearly ramped up and then symmetrically ramped down (e.g., Samanta et al.
2010; Boucher et al. 2012; Chadwick et al. 2013; Zickfeld et al. 2016; An et al. 2021; Kim et al.
2022; Mondal et al. 2023; Hwang et al. 2024; Steinert et al. 2025). More recently, studies have
started using comprehensive climate models or Earth System Models to simulate overshoot
scenarios (such as the Shared Socioeconomic Pathway 5-3.40S, SSP5-3.40S) (Melnikova et al.
2021, 2023; Delworth et al. 2022; McHugh et al. 2023; Li et al. 2024; Pfleiderer et al. 2024;
Roldéan-Gomez et al. 2025; Labe et al. 2025). In these overshoot scenarios, global warming level
temporarily exceeds 2°C before declining in response to mitigation efforts (O’Neill et al. 2016).
Under SSP5-3.408, temperature and heat extremes over Northern Hemisphere land areas are
generally reversible — albeit with varying degrees of delay — by the end of 21 century (McHugh
et al. 2023; Pfleiderer et al. 2024; Roldan-Gomez et al. 2025; Labe et al. 2025). In contrast, the
responses of mean and extreme precipitation exhibit greater spatial heterogeneity (Walton and
Huntingford 2024; Pfleiderer et al. 2024; Rolddn-Gomez et al. 2025) and stronger seasonality
(Tebaldi and Friedlingstein 2013; Delworth et al. 2022). For example, Mediterranean rainfall,
projected to decline under warming, shows mixed reversibility in SSP5-3.40S: while summer

drying is reversible, winter rainfall continues to decline even after the dramatic GHG drawdowns
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(Delworth et al. 2022). This continued winter drying is linked to the prolonged weakening of the
Atlantic Meridional Overturning Circulation (AMOC), driven by increased GHGs, and it recovers
only slowly. The weakening AMOC induces a persistent anomalous anticyclone that steers winter
storms away from the region (Delworth et al. 2022). This example highlights the need for more

targeted and region-specific analyses to understand changes in regional precipitation patterns.

In this study, we focus on the changes in extreme precipitation over the Northeast United States
(US). The Northeast US has experienced the largest increase in extreme precipitation in the US,
particularly since the mid-1990s (e.g., DeGaetano 2009; Brown et al. 2010; Kunkel et al. 2013;
Thibeault and Seth 2014; Frei et al. 2015; Guilbert et al. 2015; Hoerling et al. 2016; Huang et al.
2017,2018; Howarth et al. 2019; DeGaetano et al. 2020; Olafsdottir et al. 2021; Henny et al. 2022,
2023; Crossett et al. 2023; Jong et al. 2023, 2024; Marvel et al. 2023; Whitehead et al. 2023). This
trend is evident in all seasons, even though the dominant physical drivers of extreme precipitation
vary seasonally (Kunkel et al. 2012; Agel et al. 2015, 2018; Huang et al. 2018; Howarth et al. 2019;
Jong et al. 2024). Extreme precipitation over the Northeast US is projected to continue increasing
under anthropogenic warming (e.g., Hayhoe et al. 2007; Thibeault and Seth 2014; Ning et al. 2015;
DeGaetano and Castellano 2017; Nazarian et al. 2022; Picard et al. 2023; Jong et al. 2023, 2024).
This extreme precipitation trend poses growing flood risks for the densely populated Northeast,
home to several major metropolitan areas including New York City, Washington D.C., Philadelphia
and Boston. With millions of people and critical infrastructure at risk, understanding how extreme
precipitation may respond under different climate scenarios is essential for informing urban

adaptation and resiliency strategies.

To assess how extreme precipitation in the Northeast US may change in a scenario of aggressive
climate mitigation, we leverage simulations from the fully coupled 25-km GFDL (Geophysical
Fluid Dynamics Laboratory) SPEAR (Seamless system for Prediction and EArth system Research)
model, which includes multiple ensemble members and a suite of climate scenarios. The choice of
this high-resolution model is motivated by previous studies showing that climate models with finer
atmospheric horizontal resolution (e.g., < 50 km) better simulate extreme precipitation, especially
at regional scales, than coarser-resolution models (e.g., 100-200km) (Wehner et al. 2010, 2014;
Kopparla et al. 2013; Van der Wiel et al. 2016; Schiemann et al. 2018; Iles et al. 2020; Stansfield
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et al. 2020; Jong et al. 2023). We first examine how extreme precipitation changes with GMST
warming level and focus on comparing the warm season (June to November; consistent with the
Atlantic hurricane season) and the cold season (December to May) responses, which aim to reflect
their distinct dominant precipitation characteristics. We then briefly explore how these responses

vary across different urban areas within the Northeast US.

2. Data and method

2.1 Model and simulations

We use a suite of future climate simulations conducted with the fully coupled GFDL SPEAR model
(Delworth et al. 2020). SPEAR is built upon the GFDL AM4 atmosphere and LM4 land models
(Zhao et al. 2018; Held et al. 2019), coupled with the MOM®6 ocean and SIS2 sea ice models
(Adcroft et al. 2019). SPEAR is specifically optimized to serve both real-time seasonal and decadal
forecasts as well as uninitialized multidecadal climate projections, providing a seamless modeling
framework. SPEAR has three versions that differ in horizontal resolution in the atmosphere and
land components: 1° (~100 km; SPEAR LO), 0.5° (~50 km; SPEAR MED), and 0.25° (~25 km;
SPEAR_HI). The physics are identical across these three configurations, except for modest tuning
in the damping, advection, and radiative parameters in SPEAR_HI to improve the simulation of
tropical cyclone intensity and maintain radiative balance. Model timesteps vary by resolution to
ensure numerical stability. All versions include 33 vertical levels in the atmosphere, up to 1hPa,
and are coupled to the same 1° ocean model (with tropical refinement to 1/3°). In this study, we
primarily focus on SPEAR HI, which has demonstrated notable performance in simulating

extreme precipitation and relevant processes over the Northeast US (Jong et al., 2023; 2024).

To assess the effects of climate mitigation, we use simulations forced by two future radiative
forcing pathways: SSP5-8.5 and SSP5-3.40S. SSP5-8.5 represents a very high-end change in
future anthropogenic GHG emissions (O’Neill et al. 2016; Riahi et al. 2017; Gidden et al. 2019;
Meinshausen et al. 2020; Tebaldi et al. 2021). It served as an unmitigated baseline scenario,
assuming fossil fuel-intensive economic development with minimal climate policy intervention.
SSP5-8.5 has increasingly been regarded as implausible given recent climate policies and global
energy transitions; in fact, observed GHG emissions have already diverged from the extreme

emissions pathway in SSP5-8.5 (Hausfather and Peters 2020; Pielke et al. 2022; Hausfather and
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Moore 2022; Meinshausen et al. 2022). The SSP5-8.5 scenario, nevertheless, remains valuable for
understanding the physical climate responses and sensitivity to steadily increasing external forcing.

It also serves as a reference for comparing with SSP5-3.40S given the scenario design.

SSP5-3.40S initially follows the high-emissions pathway of SSP5-8.5 until 2040, whereupon
aggressive mitigation efforts are simulated to rapidly reduce GHG emissions, reaching net negative
emissions by about 2070 (O’Neil et al. 2016). As a result, methane (CH4) concentrations drop
almost immediately due to its short atmospheric lifetime, while the rise in CO> concentrations
levels off following the mitigation efforts and eventually begins to decline by the late 2050s (Fig.
S1) (O’Neill et al. 2016; Riahi et al. 2017; Gidden et al. 2019; Meinshausen et al. 2020; Tebaldi et
al. 2021). These reductions are hypothesized to be achieved through both a sharp drop in fossil
fuel use and through the implementation of carbon capture and storage via bioenergy cropland
expansion (Hurtt et al. 2020; Melnikova et al. 2022). While SSP5-3.40S is also regarded as
unrealistic due to the timing, abruptness, and scale of mitigation required, it offers a useful
framework for exploring how the climate system may respond to a rapid drawdown in GHG
concentrations following a temporary overshoot of global warming targets (Labe et al. 2024). The
time-series of CO; and CH4 concentrations, as well as GMST, under SSP5-8.5 and SSP5-3.40S in
SPEAR are shown in Fig. S1. For both SSP5-8.5 and SSP5-3.40S8, the GMST anomalies presented
here are relative to the preindustrial mean taken from a control simulation with atmospheric

composition fixed at levels representative of the year 1850.

Because of the high computational cost of high-resolution modeling, SPEAR HI includes only a
limited number of ensemble members (10 for SSP5-8.5 and six for SSP5-3.40S5). To better
constrain internal variability (e.g., Mankin et al. 2020; Lehner and Deser 2023), we also compare
results from the SPEAR _MED large ensemble, which provides 30 ensemble members. In both
SPEAR_HI and SPEAR_MED, each ensemble member is initialized from different year of their
respective preindustrial control simulations, spaced 20 years apart, to sample diverse phases of
atmospheric and oceanic internal variability. While multiple ensemble members are used to
characterize the range of internal variability, our primary focus is on the forced responses of
extreme precipitation to external radiative forcing, represented by the ensemble mean. A complete

list of simulations and model details used in this study is summarized in Table S1.
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2.2 Definition of extreme precipitation

Extreme precipitation is defined as daily precipitation exceeding the 99" percentile of wet days
(defined as =0.1 mm/day). The 99" percentile threshold is calculated based upon the climatology
from 1951 to 2020 taken separately from SPEAR HI or SPEAR MED. All ensemble members
and grid points within the Northeast US region are included to calculate the 99" percentile
threshold for each model. As the results, the 99" percentile threshold is constant across the region
and static with time for both the SSP5-8.5 and SSP5-3.40S simulations. Extreme events are
selected separately for the warm season (June to November) and the cold season (December to

May). Our analysis focused on projected changes in extreme precipitation from 2021 to 2100.

2.3 The Northeast US region

The Northeast US is defined as the portion of US land within 37-50°N and 80.5-67°W. This
includes 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. Canada and ocean grid points are masked out. The Northeast US

domain used here is illustrated in Figure 3.

2.4 Statistical Significance

Statistical significance of differences between two periods is tested using a bootstrapping
resampling approach. We randomly reshuffle the original time series and draw two segments —
each matching the length of the period analyzed — from the shuffled time series. The difference
between these two randomly selected segments is then calculated. This procedure is repeated 1000

times to generate a distribution for assessing the significance of the targeted difference.

3. Results

In SSP5-8.5, the unmitigated baseline scenario, both the global warming level (Fig. Sla) and
extreme precipitation frequency over the Northeast US (Fig. 1a,b) continue to linearly increase
through the end of 21% century with SPEAR_HI. By definition, extreme precipitation occurs in
about 1% of wet days per year in the historical period; this frequency is projected to rise to 2.3%

in the warm season and 2.6% in the cold season by 2100. The rate of increase is also faster in the
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cold season (+0.16% per decade) than in the warm season (+0.12% per decade). In terms of
absolute frequency, extreme precipitation events happened on average 2.1 days and 2.0 days per
year in the warm and cold seasons, respectively, in 2001-2020. These values are projected to rise
to 3.8 days and 4.2 days per year, respectively, by 2081-2100 (Table 1). While large internal
variability (spread across ensemble members) exists in regional extreme precipitation, all the
ensemble members of SPEAR HI show an increasing trend in extreme precipitation frequency,

indicating a robust response of extreme precipitation to rising GHG concentrations in both seasons.

Northeast US extreme precipitation frequency
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Figure 1. Changes in the frequency of extreme precipitation over the Northeast US from 2021 to
2100 in SPEAR _HI. (a), (b) Time-series of extreme precipitation frequency under the SSP5-8.5
(red) and SSP5-3.40S (blue) scenarios in the (a) warm season (June-November) and (b) cold
season (December-May). Thick lines represent the ensemble mean, and thin lines show individual
ensemble members. All time-series are smoothed with a 7-year running mean centered on each
year to remove the interannual variability. The year in which frequency peaks under SSP5-3.40S
(2051 for the warm season and 2068 for the cold season) is marked in each panel. (¢)-(f) Changes
in the distribution of extreme precipitation frequency under (left) SSP5-8.5 and (right) SSP5-
3.40S in the (top) warm season and (bottom) cold season. Each colored line presents the
probability density function (PDF) of extreme precipitation frequency per year in a 20-year period.

Median values of each PDF are labelled by tick marks on the x-axis.
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Table 1. Average frequency and count of days of extreme precipitation events per year over the
Northeast US in the (top) warm season and (bottom) cold season for different 20-year periods
under the (left) SSP5-8.5 and (right) SSP5-3.40S scenarios in SPEAR _HI. Values represent the
ensemble mean of the model. For example, during 2001-2020, extreme precipitation occurred on

average 1.2% of the time in the warm season, corresponding to 2.1 days per year with an extreme

precipitation event somewhere in the Northeast US.

SSP5-8.5

SSP5-3.40S8

1.2% (2.1 days)

1.2% (2.1 days)

1.6% (2.9 days)

1.5% (2.8 days)

2.1% (3.8 days)

1.4% (2.5 days)

1.1% (2.0 days)

1.1% (2.0 days)

1.6% (2.9 days)

1.5% (2.8 days)

2001 - 2020
Warm Season
(June — November) 20412060
2081 -2100
2001 — 2020
Cold Season
2041 - 2060
(December — May)
2081 -2100

2.3% (4.2 days)

1.5% (2.8 days)

After aggressive mitigation efforts are introduced by 2041 in SSP5-3.408, the GMST continues
to rise and overshoots 2°C above preindustrial levels before reaching its peak in 2059 (Fig. S1a).
The rate of decline in GMST following the peak is relatively slow (-0.013 °C per year) compared
to the rate of warming prior to the peak (+0.038 °C per year). Consequently, even with aggressive
mitigation, it takes nearly 50 years for the GMST to return to approximately 2°C of mean warming
level — still warmer than the level in 2021. In response to the decline in radiative forcing, extreme
precipitation frequency over the Northeast US also decreases (Fig. 1a,b), but the evolution differs
between seasons. In the warm season, extreme precipitation continues to increase after 2041,
peaking at about 1.6% in 2051, several years before the GMST peak, and then enters a steady
decline. By 2100, the frequency is projected to fall to around 1.3%, similar to the 2021 value. All
six ensemble members of SPEAR HI experience an increasing trend prior to the peak global
warming level and then a decreasing trend afterward, suggesting a robust physical signal. In

contrast to the warm season evolution, the cold-season response is more delayed. Extreme
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precipitation stops increasing shortly after the mitigation is implemented, before rising again
slightly to around 1.8% by 2068. After that, it declines steadily to approximately 1.4% by 2100.
Five of the six ensemble members exhibit a similar evolution, suggesting a robust response across
the ensemble members. In terms of absolute frequency, under SSP5-3.40S, warm-season extreme
precipitation events are projected to occur on average 2.5 days per year by 2081-2100 — not yet
returning to the mean 2001-2020 level, but lower than mid-21 century. For the cold season,
extreme precipitation events are projected to occur on average 2.8 days per year by 2081-2100,

recovering only to mid-21% century level (Table 1).

To address the limited ensemble size in SPEAR_HI, we also examined the parallel 30-member
ensemble from SPEAR MED (Fig. S2a,b). SPEAR MED presents highly consistent results: in
the warm season, extreme precipitation continues to increase after 2041 and reverses its trend in
2052, a few years before the peak warming. The frequency peaks at around 1.6% before declining
steadily to around 1.3% by 2100. In the cold season, the increasing trend in extreme precipitation
slows shortly after the mitigation begins, followed by a modest rise to a peak of about 1.7% around

2070. Afterward, extreme precipitation declines to approximately 1.4% by the end of the century.

The benefit of mitigation and seasonal differences in response are more evident when examining
the probability distributions of extreme precipitation frequency. Figures 1c-f show the probability
density functions (PDFs) of extreme precipitation frequency (per year) for each season over 20-
year periods. In SSP5-8.5, the PDFs shift steadily to the right, indicating higher frequencies over
time. In the warm season (Fig. Ic), the median frequency is 1.4% per year in 2021-2040 and
increases to 2.1% per year in 2081-2100. The shift is even more pronounced in the cold season
(Fig. 1d), where the median frequency rises from 1.3% per year in 2021-2040 to 2.4% per year in
2081-2100. In contrast, in SSP5-3.40S, the rightward shift in the warm-season PDF — that is, the
increase in extreme precipitation frequency — slows shortly after the mitigation begins in 2041 (Fig.
le), compared to the shift in SSP5-8.5. By 2081-2100, the PDF nearly returns to the 2021-2040
distribution, with medians around 1.4% per year in both periods. In the cold season, the slowdown
in the rightward shift of the PDF is delayed, compared to in the warm season (Fig. 1f). The PDF
for 2041-2060 still presents a clear rightward shift relative to 2021-2040, and the shift continues

10
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until 2061-2081. By 2081-2100, the cold-season PDF returns to a state resembling the mid-21*

century, with medians around 1.6% per year.

These results are even more apparent in the 30-member SPEAR MED ensemble (Fig. S2c-f).
Under SSP5-8.5, the cold-season PDFs exhibit a more pronounced rightward shift — that is, larger
increases in extreme precipitation frequency — over time than the warm-season PDFs (Fig. S2c-d).
Under SSP5-3.408, the reduction in GHG concentrations limits the rightward shift in PDFs by
curbing continued warming, but the seasonal distinction remains. By 2081-2100, the warm-season
PDF resembles that of 2021-2040, whereas the cold-season PDF only recovers to the 2041-2060
distribution (Fig. S2e-f), reflecting a delayed response of cold-season extreme precipitation to

reduced GHG forcing.

To further understand the relationship between Northeast US extreme precipitation and global
mean warming, we next scale extreme precipitation frequency by its corresponding GMST
anomaly (Fig. 2 and Fig. S3). Consistent with recent studies (e.g., Boucher et al. 2012; Melnikova
et al. 2023; Pfleiderer et al. 2024; Roldan-Goémez et al. 2025), this approach allows us to assess
whether the response of extremes follows the magnitude of global warming or exhibits hysteresis
behavior. In the warm season, the frequency increases by 0.25% per degree of global warming
under SSP5-8.5 (Fig. 2a). Under SSP5-3.40S, shortly before the GMST reaches its peak warming
of 2.6 °C in 2059, the frequency starts to decline with time in SPEAR _HI (Fig. 2b). Notably, at the
same warming level, the frequency after the peak warming is even lower than before the peak
warming, suggesting an “overcompensated” behavior (e.g., Pfleiderer et al. 2024). Because the
GMST cooling rate is slower than the warming rate (Fig. Sla), the 30-year average extreme
precipitation in the warm season is nearly identical when comparing before and after the peak
warming (difference of 0.01%, not statistically significant at the 95% confidence level).
Unsurprisingly, the relationship between extreme precipitation frequency and GMST is not entirely
linear, with some fluctuations — particularly under SSP5-3.40S — primarily due to the limited
number of ensemble members in SPEAR HI and subsequent lower signal-to-noise. Given this
concern, the 30-member SPEAR MED ensemble (Fig. S3a,b) provides a clearer view, confirming
that the mitigation efforts effectively slow and eventually reverse the trend of extreme precipitation

frequency in the Northeast US during the warm season.

11



Preprint — Extreme precipitation over the Northeast US projections in SPEAR

Extreme precipitation frequency & annual GMST
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Figure 2. Changes in extreme precipitation frequency as a function of GMST anomaly in (top)
SSP5-8.5 and (bottom) SSP5-3.40S, for the (left) warm season and (right) cold season. Each dot
represents the ensemble mean from SPEAR HI for a given year, with color indicating the year.
Both GMST and frequency are smoothed with a 7-year running mean centered on each year. The
difference in the 30-year average frequency before and after the peak warming year under SSP5-
3.40S is shown in the lower-right corner of each panel. Asterisks denote statistically significant
differences between the two periods at the 95% confidence level. The point corresponding to the
peak warming year (2059) under SSP5-3.40S is marked with a yellow star, and red crosses indicate

the years 30 years before and after the peak.

As described earlier, a different story emerges in the cold season, however. For a baseline warming

comparison, we found that the frequency of extreme precipitation increases by 0.32% per degree
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of warming in SSP5-8.5 in SPEAR_HI. This is faster than the rate of change in the warm season
(Fig. 2¢). On the other hand, in SSP5-3.408, extreme precipitation frequency briefly drops but
rebounds within a few years immediately after the peak warming of 2.6°C in 2059 as the GMST
starts to cool (Fig. 2d). It is not until around 2068, when the warming level drops to 2.4°C, that the
frequency of extreme precipitation begins a steady decline with decreasing GMST and total
radiative forcing. As a result, the 30-year average frequency after the peak warming remains
statistically significantly higher than the 30-year average frequency before the peak warming by
about 0.12%. This behavior is consistent with Roldan-Gomez et al. (2025), which noted that the
relationship between regional extreme precipitation and GMST is similar before and after the peak
global warming, except for a transition period immediately after the peak warming where the two
variables become decoupled (~2059-2068 in our case). After this transition period, the relationship
realigns, but the elevated frequencies accumulated during the transition period remain.
Consequently, extreme precipitation frequency is significantly higher after the peak warming than

before, even at equivalent GMST levels.

The consistency found in the 30-member SPEAR MED ensemble (Fig. S3b,d) reinforces the
likelihood of this behavior as simulated in the SPEAR models. Unlike the warm season, where
extreme precipitation frequency declines monotonically with GMST shortly before the peak
warming and continues thereafter, the cold season experiences a transition period in which its
frequency and the GMST are decoupled before eventually resuming a concurrent declining trend.
Because of this lagged response, at the same warming level, the post-peak extreme precipitation
frequency remains higher than the pre-peak frequency, at least until 2100 — the end of the SPEAR
simulations. This contrasts with the extreme precipitation-GMST relationship in the warm season,

where the post-peak frequency is lower than the pre-peak frequency at the same warming level.

Changes in extreme precipitation vary not only seasonally but also spatially. Figure 3 presents the
changes in extreme precipitation frequency across the Northeast US region. Under SSP5-8.5 (Fig.
3a,c), the faster increase in extreme precipitation in the cold season occurs broadly across the
region. At the same time, distinct regional patterns emerge within each season: in the warm season,
increases are more pronounced in inland regions compared to coastal regions; while in the cold

season, changes are more spatially uniform but largest in the Mid-Atlantic region (e.g., Maryland
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and Virginia). Consistent with earlier results, the spatial distribution of changes in extreme
precipitation exhibits strong seasonal distinctions in SSP5-3.40S (Fig. 3b,d). In the warm season,
the 30-year average extreme precipitation frequency after the peak warming is not statistically
significantly different from that before the peak warming throughout the Northeast. In the cold
season, in line with earlier findings (e.g., Fig. 2d), extreme precipitation frequency remains higher
after the peak warming than before. This behavior, however, is not uniform across the region. For
instance, the lagged declines are primarily confined to the southern part of the Northeast (the Mid-
Atlantic region and southeastern Pennsylvania) and areas along Lake Ontario. In these areas, the
30-year average frequency after the peak warming is approximately 0.4% per year higher than the
30-year average frequency before the peak warming, and the differences are statistically
significantly at the 95% confidence level. These results highlight that the response of extreme
precipitation to sudden declines in GHGs may be modulated by both seasonal large-scale mean

state conditions and with spatial heterogeneity across the Northeast region.

This marked spatial heterogeneity suggests that major urban areas within the Northeast may
experience distinct changes in extreme precipitation in a plausible future with aggressive global
climate mitigation efforts. The delayed response seen in SSP5-3.40S during the cold season is
particularly concentrated in the southern coastal region (Fig. 3d), motivating a closer examination
of three representative cities along the highly populated Northeast corridor — Boston, New York
City, and Baltimore. We also include Rochester given its proximity downstream of Lake Ontario,
where similar delays in extreme precipitation frequency change are evident. For these four cities,
we examine how cold-season extreme precipitation frequency evolves over time (Fig. S4) and its

statistical relationship relative of the GMST (Fig. 4) under SSP5-3.40S.

In Boston, located in the northern coastal Northeast, extreme precipitation frequency starts to
decline soon after the mitigation is implemented, despite some temporal fluctuations that are
typical at this regional scale (Fig. S4c). By the end of the 21% century, the frequency of extreme
precipitation returns to those comparable with around 2021. The 30-year average frequency after
the peak warming is also not statistically significantly different from that of before (Fig. 4c). These
findings suggest that the aggressive mitigation in SSP5-3.40S could effectively reverse the upward

trend in extremes and restore them to near-present day levels in some regions such as Boston.
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Figure 3. Spatial changes in extreme precipitation frequency across the Northeast US in
SPEAR HI, showing the difference in 30-year average frequency before and after the peak
warming year under SSP5-3.40S (2059) under (top) SSP5-8.5 and (bottom) SSP5-3.40S8, for the
(left) warm season and (right) cold season. The values presented are averaged percentages per
year. Dots denote statistically significant differences between the two periods at the 95%
confidence level. The locations of the cities analyzed in Figures S4 and 4 are indicated in the

bottom panels.

The reversal in the increasing extreme precipitation frequency, however, becomes more delayed
as one moves southward (Fig. 3d). For example, in New York City, located in the central coastal
Northeast, extreme precipitation frequency starts to decline later than in Boston (Fig. S4c,d). The
cold-season frequency starts to decline a few years after the peak warming (Fig. 4d); owing to this

delay, the post-peak 30-year average frequency remains significantly higher than that of before.
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Further southward, Baltimore exhibits a substantially delayed response in extreme precipitation
frequency. Its cold-season extreme precipitation continues to rise even after the mitigation starts
and global mean warming is well past peaks (Fig. S4b and Fig. 4b), with frequencies not beginning
a steady decline until around 2070. Consequently, the 30-year average frequency after the peak
warming remains about 0.33% per year higher than before — a considerable difference given that
extreme precipitation is defined by the top 1% of historical daily precipitation events. This implies
that Baltimore experiences nearly 30% more frequent extremes even in a world with strong climate

mitigation efforts.
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Figure 4. Changes in extreme precipitation frequency as a function of GMST anomaly during the
cold season in (a) Rochester, (b) Baltimore, (¢) Boston, and (d) New York City. Colored dots
represent SSP5-3.40S and grey crosses represent SSP5-8.5. Each symbol shows the ensemble
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mean from SPEAR_HI for a given year, with color indicating the year. Both GMST and frequency
are smoothed with a 7-year running mean centered on each year. The difference in the 30-year
average frequency before and after the peak warming year under SSP5-3.40S is shown in the
lower-right corner of each panel. Asterisks indicate statistically significant differences between the
two periods at the 95% confidence level. The point corresponding to the peak warming year (2059)
under SSP5-3.40S is marked with a yellow star, and red crosses indicate the years 30 years before

and after the peak.

A comparable lag is seen in Rochester, where no clear decline in extreme precipitation frequency
emerges until roughly 2085 (Fig. S4a and Fig. 4a). One plausible explanation is the influence of
orography and proximity to the lake shore. Rochester lies downstream of Lake Ontario, whose
surface cools more slowly than land and the GMST. This thermal inertia means that, even as global
temperatures begin to fall, the warmer lake could enhance the available moisture content for
synoptic-scale winter storms and lake-effect precipitation, potentially sustaining higher extreme
precipitation frequencies in the region into the future. While more work is needed to delve into
why the responses to mitigation differ across these regions, lake enhancement could be an

important factor in Rochester’s distinct behavior.

4. Conclusion and discussion

As climate mitigation strategies are increasingly proposed in order to reduce atmospheric GHG
concentrations, it is becoming even more crucial to understand how various aspects of the climate
system may respond to such rapid carbon reductions. In this study, we examine potential changes
in extreme precipitation over the Northeast US in an overshoot scenario called SSP5-3.40S, which

is simulated by the fully coupled 25-km GFDL SPEAR HI model.

Our results suggest that the increasing trend in extreme precipitation frequency over the Northeast
US, driven by anthropogenic GHG forcing, slows and eventually reverses following reductions in
GHG levels. The timing of this reversal, however, is seasonally and regionally dependent. In the
warm season, extreme precipitation frequency begins to decline shortly after the implementation
of mitigation efforts starting in 2041, returning to levels comparable to those of the early 21%

century by the end of 21% century. On the other hand, the cold-season response is delayed, and a
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steady decline in extreme precipitation frequency does not emerge until approximately a decade
after the peak global warming. This delay reflects a hysteresis effect, whereby, at equivalent
warming levels, cold-season extreme precipitation remains more frequent after the peak warming
than before. By the end of the 21% century, cold-season extreme precipitation frequency recovers
only to levels equivalent to earlier in the mid-21% century. This delayed response in the cold season
also exhibits pronounced spatial differences. Urban areas in the southern Northeast, such as
Baltimore, and far inland locations like Rochester may be more likely to experience this delayed

response than northern cities such as New York City and Boston.

One plausible explanation for the differing responses between the warm and cold seasons is that
cold-season extreme precipitation over the Northeast US is largely associated with extratropical
cyclones (Agel et al. 2018; Huang et al. 2018), where dynamical processes play a central role. As
a result, changes in cold-season extreme precipitation are less directly constrained by the global
warming level. In addition, Delworth et al. (2022) showed that under SSP5-3.40S, the AMOC
continues to weaken well after GMST peaks, and this persistent weakening AMOC can modulate
large-scale atmospheric circulations in the cold season, influencing the tracks of extratropical
storms. Such processes may contribute to the seasonally distinct behavior in extreme precipitation
changes. While further research is needed to confirm the mechanisms that drive these seasonal
differences, our findings reflect that regional responses of extremes to GHG reductions can be
modulated by seasonality, local-scale processes, and other factors, leading to nonlinear behaviors.

This underscores the need for targeted and region-specific assessments.

A caveat of this study is that it relies on a single climate model. Previous work has shown that
many aspects of climate system’s response under SSP5-3.40S exhibit varying degrees of inter-
model spread among several CMIP6 models (Pfleiderer et al., 2024), including large differences
in the level of hysteresis in GMST. Our model choice was limited by the availability of fully
coupled climate models with higher horizontal resolution that better resolve physical processes
relevant to extreme precipitation (e.g., Murakami et al. 2015; Iles et al. 2020; Stansfield et al. 2020;
Jong et al. 2023; Lee et al. 2025), as well as the need for multiple ensemble members to
characterize a wide range of possible future realizations (e.g., Deser 2020; Mankin et al. 2020;

Jong et al. 2023). Nevertheless, our results are qualitatively similar to those of Pfleiderer et al.
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(2024), who found that most of the models simulate a post-mitigation decrease in extreme
precipitation frequency over the eastern US, although some show overcompensation behavior.
Future work focusing on the physical processes underlying the differing responses between warm-
and cold-season extremes over the Northeast US will help strengthen the results drawn from the

SPEAR_HI simulations.

Another limitation is that the SSP5-3.40S simulation in SPEAR _HI only extends through 2100.
While both warm and cold-season extreme precipitation over the Northeast US start to decline
steadily before 2100, neither has returned to the 1951-2020 climatological baseline. It is therefore
unclear whether extreme precipitation will eventually fully recover to preindustrial levels under
net-zero GHG emissions, and on what timescale. This uncertainty stems largely from slow ocean
processes and lagged ocean temperature warming caused by changes in the overturning circulation
(e.g., Held et al. 2010; Armour et al. 2016; Ceppi et al. 2018; King et al. 2024). For example, using
an Earth System Model with 1000-year experiments, King et al., (2024) showed that although the
GMST initially cools in response to a rapid shift to net-zero emissions, after about 50 years, it
reverses the trend and gradually warms due to oceanic influences. Lagged oceanic responses also
appear in projections of AMOC recovery. In the GFDL SPEAR model under SSP5-3.40S, the
AMOC weakening, initially driven by external forcing, only begins to stabilize by the end of 21*
century (Delworth et al. 2022). Given that the AMOC influences global SST patterns and therefore
large-scale atmospheric circulations considerably, it remains unclear how AMOC’s response to
climate mitigation will influence regional climate extremes beyond 2100. Thus, simulations ending
in 2100 cannot fully capture whether the projected responses to mitigation in the late 21 century

might reverse or change beyond 2100 due to slow ocean processes.

These limitations, together with our results, highlight the complexity of how global climate
mitigation might influence the future climate system. Further research that examines responses to
various overshooting pathways and mitigation strategies — across multiple timescales and spatial
scales — along with process-oriented studies, will be crucial for advancing our understanding of
how the climate system responds to GHG reductions. Such efforts can help policymakers,
scientists, and other stakeholders implement mitigation measures more effectively and develop

resilient and actionable plans for communities. In particular, urban areas with dense populations
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and infrastructure can benefit from adaptation strategies that specifically address localized flood

risks and runoff concerns that are associated with extreme precipitation.
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Table S1. Summary of the two models (SPEAR _HI and SPEAR MED) and their associated

climate scenario simulations used in this study.

Radiative forcing Year Horizontal Ensemble
scenarios resolutions members
SSP5-8.5 2015-2100 10
SSP5-3.40S 2015-2100 | « 9 25° x0.25° in 6
SPEAR HI MIP6 Historical atmosphere/land
CMIPO Historical 11951 2014 |, Jox i oo | 10
Forcing
Preindustrial Control” 1-1000 -
SSP5-8.5 2015-2100 30
SSP5-3.40S 2015-2100 |« 5° %0.5°in 30
SPEAR _MED CMIP6 Historical atmosphere/land
ST 10512014 | o xpo i osonn | 30
Forcing
Preindustrial Control” 1-3000 -

* The control simulations use atmospheric composition fixed at levels representative of the year

1850.
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Figure S1. (a), (b) Time-series of annual global mean surface temperature (GMST) anomalies
from 2021 to 2100 under the SSP5-8.5 (red) and SSP5-3.40S (blue) scenarios from (a) SPEAR HI
and (b) SPEAR_MED. GMST anomalies are relative to the preindustrial mean GMST. Thick lines
represent the ensemble mean, and thin lines show individual ensemble members. The year in which
GMST peaks under SSP5-3.40S (2059 in both SPEAR _HI and SPEAR_MED) is marked in each
panel. Linear least squares trends of GMST before and after the peak warming are also noted. The
time-series are smoothed with a 7-year running mean centered on each year to remove the
interannual variability. (¢) Time-series of annual mean atmospheric carbon dioxide (CO2)
concentrations (parts per million by volume) from 2021 to 2100 in SSP5-8.5 (red) and SSP5-3.40S
(blue) in the SPEAR models. (d) as in (c), but for methane (CH4) concentrations (parts per billion

by volume).
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SPEAR_MED: Northeast US extreme precipitation frequency
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Figure S2. Changes in the frequency of extreme precipitation over the Northeast US from 2021 to
2100 in SPEAR_MED. (a), (b) Time-series of extreme precipitation frequency under the SSP5-
8.5 (red) and SSP5-3.40S (blue) scenarios in the (a) warm season (June-November) and (b) cold
season (December-May). Thick lines represent the ensemble mean, and thin lines show individual
ensemble members. All time-series are smoothed with a 7-year running mean centered on each
year to remove the interannual variability. The year in which frequency peaks under SSP5-3.40S
(2052 for the warm season and 2070 for the cold season) is marked in each panel. (¢)-(f) Changes
in the distribution of extreme precipitation frequency under (left) SSP5-8.5 and (right) SSP5-
3.40S in the (top) warm season and (bottom) cold season. Each colored line presents the
probability density function (PDF) of extreme precipitation frequency per year in a 20-year period.

Median values of each PDF are labelled by tick marks along the x-axis.
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SPEAR_MED: Extreme precipitation frequency & annual GMST
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Figure S3. Changes in extreme precipitation frequency as a function of GMST anomaly in
SPEAR MED in (top) SSP5-8.5 and (bottom) SSP5-3.408, for the (left) warm season and (right)
cold season. Each dot represents the ensemble mean from SPEAR _MED for a given year, with
color indicating the year. Both GMST and frequency are smoothed with a 7-year running mean
centered on each year. The difference in the 30-year average frequency before and after the peak
warming year under SSP5-3.40S is shown in the lower-right corner of each panel. Asterisks denote
statistically significant differences between the two periods at the 95% confidence level. The point
corresponding to the peak warming year (2059) under SSP5-3.40S is marked with a yellow star,

and the red crosses indicate the years 30 years before and after the peak.
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Northeast cities extreme precipitation frequency: cold season
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Figure S4. Time-series of extreme precipitation frequency in (a) Rochester, (b) Baltimore, (c)
Boston, and (d) New York City in the cold season in SPEAR HI. Red and blue lines are for the
SSP5-8.5 and SSP5-3.40S scenarios, respectively. Thick lines represent the ensemble mean, and
thin lines show individual ensemble members. All time-series are smoothed with a 7-year running

mean centered on each year.
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