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Abstract

The northeast United States (NEUS) is a densely-populated region with a number of major cities along the climatological storm

track. Despite its economic and social importance, as well as the area’s vulnerability to flooding, there is significant uncertainty

regarding future trends in extreme precipitation over the region. Here, we undertake a regional study of the projected changes

in extreme precipitation over the NEUS, measured with a variety of metrics, through the end of the 21st century in an ensemble

of high-resolution, dynamically-downscaled simulations from the NA-CORDEX project. We find that extreme precipitation

increases throughout the region, with the largest changes in coastal regions and smaller increases inland. These increases

are seen throughout the year, though the smallest changes in extreme precipitation are seen in the spring. The frequency of

heavy precipitation also increases, such that there are relatively fewer days with moderate precipitation and relatively more

days with either no or strong precipitation. Averaged over the region, extreme precipitation increases by +3-4%/°C of local

warming, with the largest fractional increases in southern and inland regions. This is lower than the +7%/°C rate expected from

thermodynamic considerations alone, and suggests that dynamical changes damp the increases in extreme precipitation. These

changes are qualitatively robust across ensemble members, though there is notable intermodel spread associated with models’

climate sensitivity and with changes in mean precipitation. Together, the NA-CORDEX simulations suggest that this densely

populated region may require significant adaptation strategies to cope with the increase in extreme precipitation expected at

the end of the next century.
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ABSTRACT: The northeast United States is a densely-populated region with a number

of major cities along the climatological storm track. Despite its economic and social

importance, as well as the area’s vulnerability to flooding, there is significant uncertainty

regarding future trends in extreme precipitation over the region. Here, we undertake a

regional study of the projected changes in extreme precipitation over the NEUS through

the end of the 21st century using an ensemble of high-resolution, dynamically-downscaled

simulations from the NA-CORDEX project. We find that extreme precipitation increases

throughout the region, with the largest changes in coastal regions and smaller changes

inland. These increases are seen throughout the year, though the smallest changes in

extreme precipitation are seen in the summer, in contrast to earlier studies. The frequency

of heavy precipitation also increases, such that there are relatively fewer days with moderate

precipitation and relatively more days with either no or strong precipitation. Averaged

over the region, extreme precipitation increases by +3-5%/◦C of local warming, with the

largest fractional increases in southern and inland regions, and occurring during the winter

and spring seasons. This is lower than the +7%/◦C rate expected from thermodynamic

considerations alone, and suggests that dynamical changes damp the increases in extreme

precipitation. These changes are qualitatively robust across ensemble members, though

there is notable intermodel spread associated with models’ climate sensitivity and with

changes in mean precipitation. Together, the NA-CORDEX simulations suggest that this

densely populated region may require significant adaptation strategies to cope with the

increase in extreme precipitation expected at the end of the next century.
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SIGNIFICANCE STATEMENT: Observations show that the northeast United States has31

already experienced increases in extreme precipitation, and prior modeling studies suggest32

that this trend is expected to continue through the end of the century. Using high-resolution33

climate model simulations, we find that coastal regions will experience large increases in34

extreme precipitation (+6.0-7.5 mm/day), although there is significant intermodel spread in35

the trends’ spatial distribution as well as in their seasonality. Regionally-averaged, extreme36

precipitation will increase at a rate of roughly 2%/decade. Our results also suggest that37

the frequency of extreme precipitation will increase, with the strongest storms doubling in38

frequency per degree warming. These results, taken with earlier studies, provide guidance39

to aid in resiliency preparation and planning by regional stakeholders.40

1. Introduction41

Changes in extreme precipitation have the potential to be among the most damaging42

impacts of global warming, with significant ramifications for agriculture (Rosenzweig et al.43

2002), severe flooding (Tabari 2020), and landslides (Kirschbaum et al. 2012), among many44

other things. Observations show that global-mean extreme precipitation has increased in45

intensity and frequency throughout the globe over the past century (Groisman et al. 2005;46

Alexander et al. 2006) and numerous modeling studies suggest extreme precipitation will47

continue to change as the climate warms (Kao and Ganguly 2011; Fischer et al. 2013;48

Kharin et al. 2013; Fischer et al. 2014; O’Gorman 2015; Bao et al. 2017). The magnitude49

of this change, however, is regionally- and model-dependent. Understanding the extent to50

which extreme precipitation will change through the end of the century is vitally important51

as communities look to develop resilience to extreme precipitation and associated flooding52

events (Wilhelmi and Morss 2013; Gandini et al. 2020).53

In the present study, we focus on extreme precipitation trends in the northeast United54

States (hereafter NEUS). This region is of particular interest due to its high population55

density, coupled with the distribution of large cities along the climatological storm tracks56

(Kocin and Uccellini 2004; Zarzycki 2018). Observational studies have shown that extreme57
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precipitation over the NEUS has increased by approximately 2-4%/decade over the past58

century, depending on the observational product and on the mode of analysis (Kunkel and59

et al. 2013; Agel et al. 2015; Frei et al. 2015; Ivancic and Shaw 2016; Hoerling et al. 2016;60

Huang et al. 2017; Agel et al. 2018; Huang et al. 2018; Howarth et al. 2019; Lopez-Cantu61

et al. 2020). These trends show substantial seasonality, with the largest increases in the62

warm season [i.e. June, July, August, and September] (Frei et al. 2015).63

Several modeling studies have provided comparisons with observations and diagnosed64

potential mechanisms for the increases in precipitation (Hoerling et al. 2016; Agel et al.65

2020; Agel and Barlow 2020; Huang et al. 2021). These simulations have shown relatively66

good agreement with observations of extreme precipitation in terms of magnitude and67

seasonality, and have also found that resolution is of first-order importance for accurately68

capturing the spatial distribution of extreme precipitation. Interestingly, there is little69

difference in the performance of the CMIP5 and CMIP6 ensembles in the region (Agel70

et al. 2020; Agel and Barlow 2020), suggesting that improvements to model physics have71

not resulted in improved representations of the NEUS climate.72

Modeling studies of future extreme precipitation over the NEUS are more limited.73

Sheffield et al. (2013) and Sillmann et al. (2013) evaluated CMIP5 output at the regional74

scale and found that, while there is some agreement in the sign of the trend in extreme75

precipitation over the NEUS, the magnitude differs notably between models. Furthermore,76

the simulated precipitation was shown to be biased low due to the coarse resolution of77

the models. Thibeault and Seth (2014) analyzed the CMIP5 ensemble and found that the78

projected increases in total annual precipitation are driven by increases in winter extreme79

precipitation, in contrast with the observations of Frei et al. (2015). Additionally, Thibeault80

and Seth (2014) found that the largest changes are projected in coastal and northern portions81

of the NEUS.82

Hayhoe et al. (2008) and Rawlins et al. (2012) used Regional Climate Models (RCMs)83

to analyze future mean and extreme precipitation in the NEUS, with both studies reporting84

the largest increase in winter months, as well as a coastal enhancement of precipitation.85
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However, Hayhoe et al. (2008) analyzed monthly-averaged data, which is too low resolution86

to use for adaptation and planning purposes, and only three models were considered, with a87

relatively narrow range in climate sensitivities. Similarly, the results of Rawlins et al. (2012)88

were presented as seasonal values, and only extended to the mid-21st century. Ning et al.89

(2015) and Wang et al. (2020) used two independent, statistically-downscaled ensembles90

to study extreme precipitation over the region and found consistent spatial patterns of91

change but very different magnitudes, as well as differences in the frequency of extreme92

precipitation. Finally, Ashfaq et al. (2016) and Rastogi et al. (2020) used an ensemble93

of CMIP5 simulations downscaled over the United States and showed that the number of94

extreme precipitation days that the NEUS experiences are expected to increase by mid-95

century.96

Given the relatively limited number of modeling studies of, future NEUS extreme precip-97

itation trends, as well as the importance of resolution for accurately simulating precipitation98

in the region, there is an urgent need for studies of future trends in NEUS extreme pre-99

cipitation using high resolution climate model simulations. More generally, several recent100

studies have shown that dynamically-downscaling GCM simulations using high resolution101

RCMs can provide “added value” in capturing smaller-scaled climate processes compared102

to using only GCMs (Diffenbaugh et al. 2005; Di Luca et al. 2012; Ashfaq et al. 2016;103

Lucas-Picher et al. 2016), as RCMs capture a greater number of the mesoscale phenomena104

that lead to extreme precipitation. RCMs also afford more realistic representations of sur-105

face forcing [such as orography] (Leung et al. 2003) and of the atmosphere’s circulation,106

both of which contribute to more realistic projections of extreme precipitation [although107

both GCMs and RCMs have been shown to poorly capture extreme precipitation due to108

convection (O’Gorman 2015; Muller and Takayabu 2020)].109

With this motivation, in the present study we examine projected trends in extreme pre-110

cipitation over the NEUS in the COordinated Regional climate Downscaling EXperiment111

(CORDEX). CORDEX consists of dynamically-downscaled GCM simulations, designed112

using the CMIP5 GCM ensemble, and serves to evaluate and improve regional climate113

5



downscaling models and techniques, as well as to explore regional climate processes. To114

study trends in extreme precipitation in the NEUS, we use the NA-CORDEX ensemble,115

which provides downscaled simulations over the North American region. The ensemble116

members in NA-CORDEX sample nearly the entire range of climate sensitivity in CMIP5117

(Bukovsky and Mearns 2020), and thus can be expected to provide a realistic representation118

of model uncertainty in future warming. In contrast, the ensembles of driving GCMs used119

in prior studies of future trends over the NEUS had significantly narrower ranges of cli-120

mate sensitivity. Furthermore, NA-CORDEX uses the CMIP5 ensemble whereas previous121

studies, such as Rawlins et al. (2012), were based on an older generation of models used122

in the North American Regional Climate Change Assessment Program. The mean state of123

the NA-CORDEX simulations has been previously analyzed by Lucas-Picher et al. (2016);124

Karmalkar (2018); Bukovsky and Mearns (2020), and uncertainty in extreme precipitation125

over the NA-CORDEX domain was briefly discussed by Lopez-Cantu et al. (2020) in a126

larger study of extreme precipitation projections over the continental United States. A de-127

tailed analysis of trends in both annual and seasonal extreme precipitation over the NEUS128

in the NA-CORDEX suite of simulations has not yet been conducted.129

Our analysis includes regional-average trends in extreme precipitation as well as local130

trends, and we examine both annual-mean and seasonal changes – in winter extreme precipi-131

tation over the NEUS is associated with large-scale frontal systems or extratropical cyclones,132

whereas in summer extreme precipitation tends to occur in isolated convective systems or in133

tropical cyclones. We also investigate the potential drivers of extreme precipitation changes134

over the NEUS in terms of thermodynamic and dynamic contributions. While increases135

in extreme precipitation are expected due to warmer air’s ability to hold more water vapor,136

dynamical changes can modify this picture. Finally, we examine the intermodel spread in137

extreme precipitation changes across the NA-CORDEX ensemble members for both the138

annual and seasonal analyses. Throughout the analysis, we relate our results to both prior139

regional studies of the NEUS as well as to global studies of midlatitude precipitation.140
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The remainder of the paper is organized as follows. In Section 2, we describe the NA-141

CORDEX data, the metrics by which we define extreme precipitation, and the techniques142

used in the analysis. In Section 3 we present the main results and in Section 4 offer further143

synthesis of the pertinent results, avenues for future research, and conclusions.144

2. Materials and methods145

a. Models and simulations146

At the time of writing, the only available version of NA-CORDEX is based on the CMIP5147

suite of simulations (Bukovsky and Mearns 2020; McGinnis and Mearns 2021); a revised148

CORDEX program using CMIP6 is in its early stages of development and the downscaled149

simulations have not yet been conducted. However, as mentioned in Section 1, Agel150

and Barlow (2020) found that there was little improvement in the simulation of extreme151

precipitation over the NEUS in the CMIP6 suite of simulations compared to the CMIP5152

suite of simulations (despite the different forcing scenarios of CMIP5 [RCPs] and CMIP6153

[SSPs]) and so, assuming the revised CORDEX will use the same RCMs (at the time of154

writing this has not yet been decided), we expect that our findings will be qualitatively155

robust in the next generation of experiments.156

NA-CORDEX simulations are publicly available at 0.44◦, 0.22◦, and 0.11◦ resolution.157

We use the 0.22◦ (25 km) resolution simulations, since the smaller subset of simulations158

available at 0.11◦ resolution only cover the historical period. Even if 0.11◦ simulations159

were available for future emission scenarios, we expect that they would be largely consistent160

with the 0.22◦ simulations, as Lucas-Picher et al. (2016) found that historical 0.22◦ and161

0.11◦ simulations showed good agreement over the NEUS, and both provided improved162

agreement with observations compared to 0.44◦ resolution simulations using a variety of163

metrics. These improvements were attributed, in part, to better representation of orography.164

We use model data that were previously interpolated onto a common grid to provide165

straightforward comparisons between models (McGinnis and Mearns 2021). While data166
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are available for the entire continental United States, we only consider the NEUS, which167

includes Maine, New Hampshire, Vermont, Massachusetts, Rhode Island, Connecticut,168

New York, New Jersey, Pennsylvania, Delaware, Maryland, West Virginia, and the District169

of Columbia, consistent with the previous studies of Frei et al. (2015); Huang et al. (2017);170

Agel et al. (2020); Agel and Barlow (2020) [see Figure 1 for an illustration of this region].171

Only surface variables are publicly-available.172

Weuse the bias-correctedNA-CORDEXoutput, whichwas obtained by theNA-CORDEX173

team (McGinnis andMearns 2021) using the Cannon (2018) multivariate quantile-mapping174

algorithm against the gridded, daily Daymet observational data set (which itself is based175

on observations from the Global Historical Climatology Network). Such bias-correction is176

accepted practice for refining model data to analyze climate change impacts (Kirchmeier-177

Young et al. 2017; Zscheischler et al. 2018) and we refer the interested reader to Cannon178

(2018) for more information on the bias-correction algorithm and Behnke et al. (2016) for179

the uncertainty in Daymet data over regions for which there are few GHCN stations. While180

this algorithmminimizes model bias, it does not completely remove all bias, and differences181

in model climatologies remain.182

We use all NA-CORDEX simulations that have publicly-available, daily-averaged,183

Daymet-corrected temperature and precipitation data spanning 1950-2100. All calcula-184

tions are performed with daily-averaged data, and throughout the analysis we take the185

“historical” period to be 1986-2005 and the “projected” period to be 2081-2100. Unless186

otherwise stated, we refer to the change in a variable as the difference between its aver-187

age value during the projected period and its average value during the historical period.188

Simulations of future climate follow the RCP8.5 forcing scenario (i.e. the high emissions189

representative concentration pathway (Hausfather and Peters 2020)), which most closely190

aligns with recent observations of both CO2 emissions (Schwalm et al. 2020) and extreme191

precipitation (Lopez-Cantu et al. 2020). Furthermore, there are more simulations run us-192

ing RCP8.5 than RCP4.5 in the NA-CORDEX ensemble, allowing us to conduct a more193

thorough analysis. Since the fractional change in extreme precipitation is not dependent194
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on the emissions scenario (Pendergrass et al. 2015), we do not expect this choice to have a195

significant impact on our results.196

We have investigated the role of internal variability by considering different historical and197

projected periods and find that all results presented below are qualitatively robust to the 20198

year spans chosen for the historical and projected periods (we also considered the similarly199

spaced periods of 1950-1969 and 2045-2064, not shown). Hence, while there is certainly200

internal variability present in the system (Huang et al. 2021), the century-scale extreme201

precipitation trends calculated here are primarily driven by the prescribed RCP8.5 forcing202

scenario, consistent with previous modeling studies (Agel et al. 2020; Agel and Barlow203

2020).204

Global Model Regional Model ECS (◦C)

CanESM2 CanRCM4
CRCM5-UQAM

3.7
3.7

GEMatm-Can CRCM5-UQAM 3.7
GEMatm-MPI CRCM5-UQAM 3.6

GFDL-ESM2M RegCM4
WRF

2.4
2.4

HadGEM2-ES RegCM4
WRF

4.6
4.6

MPI-ESM-LR
CRCM5-UQAM

RegCM4
WRF

3.6
3.6
3.6

MPI-ESM-MR CRCM5-UQAM 3.4
Table 1. Global and regional model pairings comprising the 12 available NA-CORDEX simulations

with daily, bias-corrected output at 0.22◦ (∼25 km) resolution and forced using RCP 8.5. The equilibrium

climate sensitivity (ECS; the temperature change due to a doubling of CO2), as diagnosed by Karmalkar

(2018) and the NA-CORDEX team (see https://na-cordex.org/simulation-matrix.html), is noted for each

model.

205

206

207

208

209

There are 12 simulations (i.e. unique pairings of GCMs and RCMs) which match the210

selected spatial/temporal resolutions, bias-correction, and emissions scenario (Table 1).211

We have disregarded one of the simulations (CanESM2,CanRCM4) in most of our analysis,212
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as this simulation is a clear outlier in the magnitude of the fractional change in extreme213

precipitation – the fractional change diagnosed from the CanESM2,CanRCM4 simulations214

is double that diagnosed from the average of the other 11 ensemble members (discussed215

further in Section 3.3). Additionally, Karmalkar (2018) found that the CanESM2,CanRCM4216

simulation was the only NA-CORDEX simulation for which the downscaled precipitation217

was greater than the driving model. We have not investigated this pairing further, but note218

that it is the only pairing which uses CanRCM4. The ensemble considered here is larger219

than those in previous dynamical downscaling studies (Hayhoe et al. 2008; Rawlins et al.220

2012), allowing us to better quantify uncertainty.221

As stated in Section 1, the range of climate sensitivities in the NA-CORDEX ensemble is222

advantageous, as earlier studies used models with a much smaller range of sensitivities. For223

the 11 ensemble members used here, the equilibrium climate sensitivity ranges from 2.4 to224

4.6◦C [for reference, the equilibrium climate sensitivity of the full CMIP5 ensemble ranges225

from 2.0 to 4.7◦C (Andrews et al. 2012; Flato et al. 2014)]. The spread in annual-mean226

North American precipitation projections from the downscaled NA-CORDEX simulations227

is greater than that of the driving GCMs alone and closer to that of the full CMIP5228

ensemble (Bukovsky and Mearns 2020). Regardless of the global or regional model used,229

all simulations slightly overestimate the magnitude of average annual precipitation over the230

region [1.156m, based on data from theGlobal Historical ClimatologyNetwork]. Bukovsky231

and Mearns (2020) previously showed that the NA-CORDEX overestimates precipitation,232

similar to other ensembles (Rawlins et al. 2012), though the dynamical-downscaling of233

GCMs with RCMs does minimize the overestimation in precipitation. All 11 simulations234

are given equal weighting (i.e. all model projections are considered equally likely) in235

calculating the ensemble average for all diagnostic presented in Section 3.236

b. Extreme precipitation indices and scaling237

Extreme precipitation can be quantified using a number of metrics, including the annual238

maximum of daily precipitation (Rx1day), the number of a days in a year with precipitation239
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exceeding 10mm (R10mm) and the 99th percentile of precipitation (R99) (Schar et al.240

2016). After presenting a brief comparison of the metrics in Figure 1, we will generally241

use R99 to quantify extreme precipitation throughout our analysis to be consistent with242

previous studies of regional extreme precipitation (Huang et al. 2017; Agel et al. 2018).243

Also consistent with earlier global modeling studies, we calculate extremes using all days244

(Ban et al. 2015; O’Gorman 2015), rather than wet days only, since the wet day frequency245

does not necessarily remain fixed in a warming climate [see Section 2c, and also Schar et al.246

(2016)].247

In presenting spatial data, the metrics are calculated at each grid box for each model, then248

averaged over the 11 ensemble members to create ensemble-mean maps. For the frequency249

analysis, daily, regionally-averaged [weighted by area] precipitation is calculated for each250

model and R99 is taken from this time series. Values of R99 are then averaged across the 11251

simulations to derive the ensemble average. Throughout this study, we calculate fractional252

changes in extreme precipitation [i.e. the percent change in R99 per degree warming],253

using local, rather than global, warming. While previous studies have calculated this254

ratio using global-mean warming, we instead use local warming so as to provide regional255

stakeholders with a more intuitive and localized planning metric. Moreover, we believe that256

local temperature is more informative for diagnosing the drivers of precipitation changes257

at the regional scales considered here, although local/regional changes in temperature are258

often more uncertain than global changes in temperature.259

c. Power-law distributions260

A convenient method of diagnosing changes in the frequency and intensity of extreme261

precipitation is to fit power-laws to the probability density functions (PDFs) of daily pre-262

cipitation. We follow the method of Martinez-Villalobos and Neelin (2019) to do this, in263

which the PDFs of daily precipitation, ?, are calculated as264

PDF = �?−g exp
(
− ?
%

)
, (1)
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where � = Γ(1− g)−1%g−1, Γ is the gamma function, g is the power-law exponent, and % is265

the cutoff scale. The value of g represents the probability of light andmoderate precipitation266

days and the value of % represents the probability of extreme precipitation days. Taking the267

logarithm of (1) gives268

log (PDF) ∼ �1 +�2 log (?) +�3?, (2)

where g = −�2 and % = −�−13 . The coefficients �1, �2, and �3 can be obtained by linearly269

regressing the regionally-averaged, daily precipitation onto the binned probabilities, and270

then using (2) to obtain g and %. Once this power law fit has been performed for each271

simulation, we average the individual simulations’ power-law exponents (g) and cutoff scales272

(%) to derive the ensemble-averaged power-law distribution. This process is completed273

twice, once for the historical period (giving g� and %�) and once for the projected period274

(giving g% and %%), in order to diagnose regional changes in the frequency of extreme275

precipitation. A detailed explanation of daily precipitation distributions and a test of this276

distribution is provided in Martinez-Villalobos and Neelin (2019).277

3. Results278

a. Ensemble-mean, annual-mean changes279

We begin by considering ensemble-mean changes across the NEUS. Averaged over the284

11 ensemble-members, the NEUS experiences an annual-mean warming of 3.8-5◦C by285

the end of the 21st century, with the largest warming at higher latitudes (Figure 1h; for286

reference, the globally-averaged warming across the driving models is 2.4-4.1◦C). This287

latitudinal gradient in warming is consistent with prior studies of the NEUS (Hayhoe et al.288

2008; Rawlins et al. 2012) and with the more general Arctic amplification of warming seen289

throughout the Northern Hemisphere in climate projections [e.g. Pithan and Mauritsen290

(2014)].291

Changes in extreme precipitation do not exhibit such a clear latitudinal gradient. Instead,292

the changes in both Rx1day and R99 are largest in coastal regions and smaller further293
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 1. Historical (left panels) and change (right panels) in extreme precipitation (as quantified by

Rx1day [a-b], R10mm [c-d], and R99 [e-f]) and temperature (g-h). There is relatively good agreement

in the historical a) Rx1day and e) R99 metrics, with extreme precipitation having a coastal dependence,

as is also the case in panels (b) and (f) showing the change in indices.

280

281

282

283
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(b)(a)

Figure 2. a) Correlation between the change in mean precipitation and the change in extreme precipi-

tation (R99). b) Correlation between the simulations’ equilibrium climate sensitivity (ECS) and change

in NEUS-average extreme precipitation (R99).

306

307

308

inland (Figure 1b,f). Eastern Pennsylvania and New Jersey are projected to experience294

increases in Rx1day of up to 20mm/day, while southern Massachusetts is projected to see295

increases in R99 of 7.5mm/day. These patterns reflect the simulated and observed historical296

patterns of Rx1day and R99, which are also largest in coastal regions (panels a and e),297

consistent with Huang et al. (2017). For c), d) R10mm, however, there is less of a coastal298

dependence, and a stronger coupling with orography, with peaks in extreme precipitation299

over mountain regions, such as the Appalachian, Adirondack, Green, andWhite Mountains.300

For Rx1day andR99, the presence of orographically-driven precipitation is less pronounced.301

The relative agreement in the sign and spatial pattern of changes in Rx1day and R99 over302

the NEUS shown here is consistent with the analysis of Sillmann et al. (2013), who noted303

that the NEUS is one of the few regions where there is agreement among these indices in304

diagnosing trends in extreme precipitation.305

Averaged over the region, R99 increases by approximately 5.7 mm (with a standard de-309

viation of 0.3 mm), and the change is correlated across the ensemble with the change in310
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mean precipitation (see Figure 2a), as has been seen in projections of extreme precipitation311

in downscaled simulations of other regions (Nishant and Sherwood 2021). This change312

in R99 corresponds to an increase of approximately 20% between the historical and pro-313

jected periods (separated by 95 years), which yields an increase in extreme precipitation of314

∼2%/decade, consistent with the historical rate of increase (Hoerling et al. 2016). That the315

rate of change is robust regardless of the time period considered suggests that the long-term316

anthropogenically-induced warming is more important than climate variability in estab-317

lishing extreme precipitation trends over the region on multi-decadal time-scales, which is318

consistent with the results of Pendergrass et al. (2015).319

R10mm exhibits the opposite spatial pattern to the other two metrics, with the smallest324

increases in coastal regions and the largest increases furthest inland (Figure 1d). To explain325

this pattern, Figure 3a shows a power-law fit to the regionally-averaged daily precipitation326

over the historical and projected time-periods. Increases are seen in the occurrence of327

days with very low precipitation (<1mm) and in the days with extreme precipitation days328

(>10mm), while the number of days with moderate precipitation is projected to decrease.329

Note that Wang et al. (2020) found disagreement in the change in extreme precipitation330

frequency in their statistically-downscaled ensembles, but the NA-CORDEX simulations331

show good agreement in the change in frequency.332

Increases in the frequency of high precipitation days are seen at individual locations as333

well, and so, since 10mm/day is a moderate rate of precipitation in coastal regions (Figure334

3b) and a more extreme rate inland (Figure 3c), the largest changes in R10mm are seen in335

inland regions. The increase in occurrence of days with extreme precipitation is particularly336

notable in Figure 3a, as the frequency of the strongest events increases by as much as a337

factor five compared to the historical simulations. The 90% confidence intervals further338

underscore the robustness of these increases.339

As a different way of showing the increase in the number of strong precipitation events,345

Figure 4 plots the ensemble-averaged increase in frequency at different percentiles of the346

control climate. This can also be thought of as the increase in frequency of a particular347
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(a)

(b) (c)

Figure 3. Ensemble-averaged power law distribution of daily precipitation from the 20-year historical

(blue) and projected (red) periods for a) the entire NEUS, b) Newark, NJ [40.74N, 74.17W], a typical

coastal location, and c) Burlington, VT [44.48N, 73.21W], a typical inland location. Shading indicates

the 90% confidence interval. Note that the scales of the vertical axes vary in each panel.

320

321

322

323

return time compared to the control climate (i.e., a 1-in-10 year event in the control climate348

becomes approximately 80% more likely by the end of the 21st century for each degree349

of warming). Given a temperature increase of approximately 5◦C (Figure 1h), Figure 4350

indicates a factor of five increase in the frequency of the strongest storms, consistent with351

Figure 3a [this result is likewise consistent with Allen and Ingram (2002), Walsh et al.352

(2014), and Myhre et al. (2019), among others].353
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Figure 4. Ensemble-averaged change in storm frequency (as measured through various percentiles)

per degree of local warming. Corresponding return times are noted; for example the change in the

frequency of the (historical) 99.9 percentile storm is equivalent to the change in frequency of the ∼1-in-3

year storm. While not shown here, there is larger intermodel spread for higher percentiles, given the

increasingly small sample size.

340

341

342

343

344

b. Seasonal changes354

We now discuss changes in extreme precipitation over the seasonal cycle, focusing on the357

R99 metric. The pattern of extreme precipitation changes is generally similar throughout358

the year (Figure 5, right panels), with the exception of summer (June-July-August, JJA),359

when the increases in R99 are smaller and exhibit an inland bias rather than a coastal bias.360
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(a)

(c)

(e)

(g)

(b)

(d)

(f)

(h)

Figure 5. As in Figure 1e,f, but now considering the a,b) winter, c,d) spring, e,f) summer, and g,h)

fall historical (left panels) and change in (right panels) extreme precipitation (R99).

355

356
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(a) (b)

Figure 6. Average monthly mean precipitation (a) and average monthly extreme precipitation (b),

measured using R99, over the (blue) historical and (red) projected periods. Shading indicate the 90%

confidence intervals.

376

377

378

In the historical simulations the magnitude and pattern of extreme precipitation in JJA is361

comparable to other seasons (see Figure 5), and we have been unable to identify what362

causes the difference in the summer response compared to the other seasons. We note that363

there is significant intermodel spread during summer [see Section 3d], which suggests that364

models struggle to capture the changes in convective precipitation, which is common over365

the NEUS during the summer (see Section 4 for further discussion).366

The largest increase in extreme precipitation is seen in winter (December-January-367

February, DJF), when a large swath of coastal NEUS sees increases of up to 8 mm/day368

in R99. Similarly large increases are seen in spring (MAM) and, for only some inland369

regions, fall (SON). We speculate that the processes which lead to enhanced wintertime370

precipitation, such as extratropical cyclones and frontal systems, which is clearly enhanced371

(panel b), may also be occurring more during the shoulder seasons (spring and fall), but372

further study is required. Given the spatial pattern of fall extreme precipitation trends373

(panel h), we do not expect that increases in tropical cyclone-driven extreme precipitation374

is driving this increase (this is discussed further in Section 4).375
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Figure 6 shows the seasonal cycles of mean and extreme precipitation averaged over the379

NEUS region. Consistent with Figure 5, the largest increases in both metrics are seen380

in winter/spring (November to May) and the smallest increases are seen in summer/early381

fall (June-September). However, the ensemble-spread in both monthly mean and extreme382

precipitation is large, and the changes are not statistically significant when averaged over the383

region. Despite the intermodel spread, Figure 6 is reasonably consistent with seasonality384

results from earlier studies of regional trends (Hayhoe et al. 2008; Rawlins et al. 2012).385

c. Drivers of changes in extreme precipitation386

Extreme precipitation is generated by strong updrafts, such that the rate of extreme387

precipitation (%4) can be approximated as:388

%4 ≈
∫
−dF

(3@B
3I

)
3I, (3)

where d is the air density, F is the vertical velocity, @B is the saturation specific humidity,389

and I is the vertical coordinate. We ignore changes in precipitation efficiency, which390

measures the efficiency with which cloud condensation is converted into precipitation.391

Precipitation efficiency, particularly of extreme precipitation, is an active area of research392

[see, for instance, Singh and O’Gorman (2014); Langhans et al. (2015); Lutsko and Cronin393

(2018); Abbott et al. (2020)], and it is difficult to compare across models with different394

microphysics schemes, particularly given the available data for NA-CORDEX. However395

we caution that what we infer to be dynamical changes may actually reflect undiagnosed396

changes in cloud microphysics.397

This expression can be used to decompose fractional changes in %4 as:398

X%4

%4
=

(∫
dF X( 3@B

3I
)3I∫

dF( 3@B
3I
)3I

)
︸                ︷︷                ︸

thermodynamic

+
(∫

X(dF) ( 3@B
3I
)3I∫

dF( 3@B
3I
)3I

)
︸                   ︷︷                   ︸

dynamic

+
(∫

X
(
dF( 3@B

3I
)
)
3I∫

dF( 3@B
3I
)3I

)
︸                  ︷︷                  ︸

nonlinear

(4)
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where X is the difference between the projected and historical periods. The first term is399

the thermodynamic contribution to the change in extreme precipitation which, from the400

Clausius-Clapeyron relation, is approximately +6-7%/◦C. The second term is the contribu-401

tion from dynamical changes, and is typically ± 2%/◦C. The final term is the contribution402

from nonlinear changes, and is typically an order of magnitude smaller than the other two403

terms. As mentioned in Section 2.2, all fractional changes will be taken with respect to404

local, rather than global, temperature change. We cannot explicitly calculate the individual405

terms in (4) since only surface-level data is publicly-available and individual modeling cen-406

ters were only able to provide data at a few vertical levels, which is insufficient to calculate407

the vertical integrals.408

Most of the NEUS experiences fractional increases in extreme precipitation of 2-5%/◦C,413

with a regional average increase of 3.6%/◦C (Figure 7a). This is consistent with previous414

global modeling studies showing that increases in extreme precipitation generally fall below415

the Clausius-Clapeyron value of 6-7%/◦C in the extratropics (Kharin et al. 2013; O’Gorman416

2015). Additionally, the Clausius-Clapeyron rate is less than 7%/◦C when using local417

warming rather than global warming, but still larger than the fractional increases seen here.418

The smaller fractional increases in the NEUS suggest that dynamical changes – decreases419

in the speed of updrafts associated with extreme precipitation events – damp the changes420

in extreme precipitation. Given the lack of publicly-available data at different atmospheric421

levels, we have not been able to investigate these changes further, but note that a decrease422

in the dynamical contribution is at odds with a recent model study which showed that storm423

updrafts will increase (particularly for the strongest storms) in a warming climate (Tamarin-424

Brodsky and Hadas 2019). The importance of circulation changes in driving changes to425

vertical velocity was previously shown in the idealized simulations of Pendergrass et al.426

(2016) and Pendergrass and Gerber (2016).427

Interestingly, the fractional changes in R99 exhibit a strong latitudinal dependence, with428

the smallest fractional changes in the northeastern part of the region (Maine, eastern New429

Hampshire, eastern Massachusetts) and the largest fractional changes in the southwestern430
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(a)

(b) (c)

Figure 7. a) Fractional changes in ensemble-average extreme precipitation. The zonally-averaged

change in temperature (b, black line) and percent change in R99 (c, black line) are plotted as a function

of latitude, with the fractional change superimposed (b and c, purple line). Note the different scales for

the secondary horizontal axes.

409

410

411

412

portion of the region (southwest Pennsylvania and West Virginia) as well as upstate New431

York (Figure 7b,c; note that this pattern is also qualitatively consistent across seasons –432

see Figure 8). This is the opposite of the temperature response, and leads to a relatively433

latitudinally-homogeneous change in extreme precipitation (Figure 1f). Changes in extreme434

22



(a)

(c)

(b)

(d)

Figure 8. As in Figure 7a, but for a) winter, b) spring, c) summer, and d) fall.

precipitation depend on the changes in temperature associated with individual storms, rather435

than changes in mean temperature. The former may be more spatially-homogeneous than436

the latter, which would produce a more spatially-homogeneous distribution of X%4. We437

return to this point in the discussion of Section 4.438

d. Intermodel spread439

The intermodel spread in the response of regionally-averaged annual-mean R99 is linked445

to the models’ climate sensitivities: more sensitive models produce larger increases in R99446

over the NEUS (Figure 2b). However, the NA-CORDEX ensemble members show good447

agreement in the magnitude of the fractional change in R99, with an ensemble-mean value448
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(b) (c)

(d) (e)

(a)

Figure 9. The regionally-averaged a) annual, b) winter, c) spring, d) summer, and e) fall extreme

precipitation fractional change for each of the 11 models considered in this study. Individual NA-

CORDEX simulations (as well as the ensemble average) are labelled, with each global (i.e. driving)

model having a unique marker and each regional model having a unique color. Note the different vertical

scale for the annual (a) and seasonal (b-e) fractional changes.

440

441

442

443

444
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of 3.6±0.2%/◦C (Figure 9a). Other metrics of extreme precipitation, such as R99.5, Rx1day,449

and R10mm, give similar fractional changes (not shown).450

The lack of significant spread in the fractional change of extreme precipitation is notewor-451

thy for two reasons. First, the driving models have a large spread in both climate sensitivity452

and in mean precipitation over the historical period. The latter reflects differences in the453

representation of precipitation-formation processes, which could also drive differences in454

the response of precipitation. However, the lack of correlation between mean precipitation455

and the fractional change in extreme precipitation (Figure 9a) suggests that the changes over456

the NEUS are robust across the physical processes resolved in these downscaled simula-457

tions. Second, several previous studies have shown that global models give inconsistent458

(in magnitude and, in some locations, sign) extreme precipitation trends over different re-459

gions (Sillmann et al. 2013), yet all of the model pairings considered here give positive460

extreme precipitation trends, with a small spread in magnitude. Both of these reasons give461

confidence in our estimate of the fractional change of 3.6±0.2%/◦C over the NEUS.462

For the same GCM, the spread in extreme precipitation fractional change across the463

different regional model pairings is small, which suggests that the drivingmodel is primarily464

responsible for the extreme precipitation trend (see, for instance, the HadGEM2 ensemble465

members in Figure 9a).466

We consider the fractional change in extreme precipitation as a function of season and471

GCM-RCMpairing in Figure 9b,c,d,e (see Figure 8 for the corresponding plots of ensemble-472

averaged fractional change in extreme precipitation and Figure 10b-e for the standard error473

in seasonal extreme precipitation). The model-averaged fractional changes for winter,474

spring, summer, and fall are 5.0%/◦C, 4.7%/◦C, 2.3%/◦C, and 2.7%/◦C, respectively (if the475

change in temperature is small for a grid box, the regionally-averaged change in temperature476

is used instead, so as to avoid unrealistically large fractional changes; this occurs in less477

than 5% of the grid boxes over all simulations). Figure 9 illustrates that, for all seasons,478

there is significantly more spread in the seasonal fractional change (and in R99, Figure479

10b-e) than in the annual-mean fractional change, with a couple models yielding negative480
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(b) (c)

(d) (e)

(a)

Figure 10. The a) annual, b) winter, c) spring, d) summer, and e) fall percent error in the change in

R99 over the 11 ensemble members. To calculate the percent change, the standard error in R99 across

the ensemble is normalized by the ensemble average change in R99 and multiplied by 100 at each grid

box.

467

468

469

470
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fractional changes due to projected cooling during the shoulder seasons (MAM and SON).481

TheHadGEM2-ES,RegCM4 simulation is not shown for spring (panel c) since the fractional482

change is a large negative value due to unrealistic cooling.483

While the annual extreme precipitation fractional change over the NEUS does not depend484

on the simulation’s historical mean precipitation (Figure 9a), Figure 9d,e shows that the485

summer and fall extreme precipitation fractional change may be inversely related to the486

historical mean precipitation: for summer and, to a greater extent, fall, simulations with487

lower historical seasonal precipitation experience a larger increase in extreme precipitation.488

All of the NA-CORDEX simulations overestimate mean annual and seasonal precipitation489

compared to that of the Global Historical Climatology Network (although, not as much as490

the CMIP5 ensemble), which implies that the actual extreme precipitation fractional change491

may be larger than the means presented here given this inverse relationship. This would492

suggest that, while the absolute value of extreme precipitation increases the most during493

the winter and spring months (see Figure 6), the fractional change in extreme precipitation494

is larger during the summer and fall, and closer in magnitude to the Clausius-Clapeyron495

scaling. This is consistent with recent downscaled simulations of Massachusetts which496

show the largest extreme precipitation fractional change occurring during the summer497

(Steinschneider and Najibi 2022).498

Finally, in terms of the pattern of the extreme precipitation response, most ensemble501

members exhibit a coastal intensification of extreme precipitation (Figure 11), though502

there are several members which show more homogeneous patterns of R99 change (i.e.,503

GEMatm-Can,CRCM5-UQAM and HadGEM2-ES,WRF). The standard error is roughly504

constant over the region (Figure 10a) and is generally small compared to the change in505

extreme precipitation (approximately 15%). There are no parts of the NEUS in which the506

response of extreme precipitation seems to be especially uncertain. The intermodel spread in507

the change and fractional change in extreme precipitation is small during winter and spring508

(Figures 9b,c and 10b,c) and significantly larger during summer and fall (Figures 9d,e and509

10d,e), suggesting that the processes responsible for the changes in extreme precipitation510
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k)

Figure 11. Spatial distribution of the change in extreme precipitation (R99) for the 11 ensemble

members considered in this study.

499

500

for these seasons (i.e. isolated convective systems and tropical cyclones) is poorly captured511

across the models.512

The majority of the ensemble members likewise agree on the spatial pattern of the515

fractional change in annual precipitation (Figure 12), with the largest values (∼ 6%/◦C) in516
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k)

Figure 12. Spatial distribution of the fractional change in extreme precipitation for the 11 ensemble

members considered in this study.

513

514

the southwest portion of the region and upstate NewYork and the smallest values (∼ 2%/◦C)517

in the northeast portion of the region (the CanESM2 ensemble member (panel a), however,518

is not consistent with the spatial pattern of other 10 members).519
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4. Discussion and Conclusions520

In this study, we have used the NA-CORDEX ensemble to make the first comprehensive521

assessment of changes in extreme precipitation over the NEUS using a large suite of522

dynamically-downscaled simulations encompassing a broad range of climate sensitivities.523

The use of high-resolution, dynamically-downscaled simulations is essential for obtaining524

accurate and robust projections of future extreme precipitation at the scales required for525

planning and adaptation purposes.526

Averaged over the region, we find that in the ensemble-mean the 99th percentile of527

daily precipitation (R99) increases by 5.7±0.3mm by the end of the 21st century under528

the RCP8.5 scenario, an increase of approximately 20% compared to the end of the 20th529

century, or a rate of 3.6%/◦C of warming. This is consistent with the historical rate of530

increase of roughly 2%/decade (Hoerling et al. 2016). Examining PDFs of regionally-531

averaged, daily-mean precipitation shows a general tendency for increases in the number532

of dry days and in days with heavy precipitation over the course of the 21st century, with533

relatively fewer days of moderate precipitation (∼1-10mm). While this is consistent with534

projections of precipitation in other mid-latitude regions, which show a similar pattern of535

rainfall becoming more intermittent but more intense, this was not seen in the earlier, high-536

resolution simulations of the NEUS of Wang et al. (2020) and represents an advancement537

of our understanding of changes in extreme precipitation frequency. Compared to the end538

of the 20th century, extreme precipitation events over the NEUS may become up to five539

times more frequent in the last decade of the 21st century.540

The changes over the NEUS show a marked coastal bias, with the largest increases541

in coastal regions [consistent with Thibeault and Seth (2014)] and smaller increases occur542

further inland. For instance, southernMassachusetts (coastal) is projected to see an increase543

in R99 of up to 7.5mm/day, while parts of upstate New York (inland) may see increases of544

just 3mm/day. This coastal bias reflects the historical pattern of extreme precipitation.545
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The increases in R99 are not evenly distributed throughout the year; the smallest changes546

are generally seen in summer and, to a lesser extent, fall (see Figures 5f, 6b, and 9d). This547

result contrasts with earlier observational studies which have shown the largest increases548

in extreme precipitation during the warm season (Frei et al. 2015) (note, however, that549

the seasonal changes are less robust, particularly when averaging over the entire region550

[see Figure 6b and 10b]). This result, coupled with the atypical inland spatial pattern of551

extreme precipitation change over summer (Figure 5f) and the small increase in extreme552

precipitation over the start of the fall (Figure 6) suggests that the NA-CORDEX ensemble553

may not fully capture the extreme precipitation associated with tropical cyclones over the554

NEUS,which are expected to lead tomore coastal extreme precipitation (Garner et al. 2021).555

Rendfrey et al. (2021) used three WRF simulations from the NA-CORDEX ensemble (at556

0.22◦) and found that coastal portions of the region will experience an increase in tropical557

cyclone-associated annual precipitation of 20 mm/year, although the results were not robust558

across the NEUS and this is less than a third of the ensemble size considered in this study.559

The role of tropical cyclones and, in particular, the seasonality of extreme precipitation560

associated with tropical cyclones in NA-CORDEX warrants further study. Additionally,561

it is well-documented that models (even at 0.22◦ resolution) poorly resolve convection,562

which is the primary driver of JJA extreme precipitation over the NEUS. Given the limited563

ability of models to capture convectively-driven extreme precipitation, it is not surprising564

that simulations do not necessarily capture the change in summertime extreme precipitation565

seen in observations (Frei et al. 2015).566

One of the benefits of conducting dynamical downscaling studies is the more realistic567

representation of precipitation due to surface forcing, such as orography. NA-CORDEX568

reasonably resolves historical orographic precipitation, particularly on the climatological569

windward side of mountains (see Figure 1c), but, regardless of the metric, Figure 1b,d,e570

does not show notable changes in extreme precipitation in regions of significant orography571

(such as the Appalachian, Adirondack, Green, or White Mountains). Prior work suggests572

that the climatological leeward sides of mountains will experience increases in extreme573
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precipitation in a warming climate (O’Gorman (2015) and references therein), but that is574

not seen in this ensemble of dynamically-downscaled simulations and provides an avenue575

for further research as well as a potential metric for evaluating downscaled simulations.576

Furthermore, we have not considered the impacts of urbanization in this study or other577

dynamic land changes and associated feedbacks on extreme precipitation. Such analysis578

with CORDEX has been conducted for Africa (Soares et al. 2019), Europe (Knist and579

coauthors 2017), and Middle East and Northern Africa (Constantinidou et al. 2020) and580

was the primary focus of these studies. While we have not conducted a sweep of land581

surface schemes here, we expect that, based on the work of Singh et al. (2020), urbanization582

would exacerbate the increase in extreme precipitation over much of the NEUS. Much of583

this region, particularly the coastal communities, are densely populated which Singh et al.584

(2020) showed has an amplifying effect on extreme precipitation trends. If we continue585

to follow this high emissions scenario and the region continues to become more densely586

populated, the increases in extreme precipitation presented here for the NEUSmay represent587

lower bounds on the actual increases.588

Over most of the NEUS, extreme precipitation increases by 2-5% per degree C of local589

warming, which is less than would be expected from thermodynamic considerations alone590

and suggests that dynamical changes are damping the increase in extreme precipitation (as591

noted in Section 2.2, this difference is also due, in part, to considering the local rate, and not592

the global rate, of warming). Furthermore, this fractional change in extreme precipitation is593

seasonally-dependent, with all seasons experiencing a sub-Clausius Clapeyron increase; the594

largest change occurring in winter time (approximately +5%/◦C) and the smallest change in595

summer (approximately +2%/◦C). Based on the publicly-available output for NA-CORDEX,596

we cannot diagnose the causes of these dynamic changes, but a slowdown of updraft speeds597

associated with extreme precipitation events is implied in contrast to the recent study of598

Tamarin-Brodsky and Hadas (2019). This is a novel result and warrants further study. It599

is also worth noting that the temperature response exhibits a latitudinal gradient, such that600

higher latitudes warm more, but the changes in extreme precipitation do not show such601
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a gradient. This means that the fractional changes in extreme precipitation are largest in602

the southern portion of the NEUS and smallest in the north. We interpret this as changes603

in extreme precipitation depending more on the temperatures associated with individual604

extreme events, rather than on changes in average temperatures, with the former more605

evenly distributed in latitude than the latter. However, at present it is unclear which606

temperatures to use when diagnosing the drivers of changes in extreme precipitation at the607

regional scale. Global- or regional-mean temperatures may not provide the entire story and608

detailed tracking of the storms which produce extreme precipitation in the NEUS will likely609

be needed to fully understand what drives the changes in extreme precipitation described610

here.611

The ensemble members participating in NA-CORDEX generally show good agreement612

in the regionally-averaged change in extreme precipitation, and most of the spread in the613

magnitude of the R99 response averaged over the region comes from ensemble members’614

equilibrium climate sensitivities. The ensemble members also generally agree on the615

qualitative pattern of the extreme precipitation response (i.e., the coastal amplification).616

One exception is CanESM2,CanRCM4, which projects much larger increases in extreme617

precipitation than the other ensemblemembers, roughly following the scaling implied by the618

Clausius-Clapeyron relation. CanESM2,CanRCM4 is the only NA-CORDEX simulation619

for which the downscaled precipitation is greater than the driving model, and is also the620

only pairing which uses CanRCM4. Given the good agreement between the other model621

pairings, we believe that this is an outlier simulation, and have chosen to disregard it in622

the majority of our analysis. More work is needed to identify what causes the anomalous623

behavior of this simulation.624

We have not considered the type of precipitation and, more specifically, how snowfall over625

the region will change in a warming climate. Using observations, Kunkel and et al. (2013)626

documented an increase in the frequency of extreme snowfall over the past several decades627

over the eastern U.S. It is not clear that this trend will persist over the entire region through628

the end of the century, as the occurrence of temperatures below the rain-snow transition629
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temperature may decrease (Diffenbaugh et al. 2013; O’Gorman 2014) despite themagnitude630

of extreme precipitation increasing during cold months (Figure 6). Given our results that631

show that the NEUS will experience the largest increases in extreme precipitation during632

the winter months, follow up studies on the detailed mechanisms of this increase and the633

type of precipitation falling during this time are required, and the NA-CORDEX ensemble634

may prove fruitful.635

In summary, this work demonstrates that the entire NEUS should expect to have more636

frequent andmore intense extreme precipitation events, with the largest increases in extreme637

precipitation occurring closest to the coast. Important open questions remain concerning the638

contribution of changes in Atlantic hurricanes to extreme precipitation over the NEUS, the639

type of precipitation that will fall during the heavier wintertime extreme precipitation events,640

and the dynamical changes which seem to damp the increases in extreme precipitation in641

projections of the 21st century. These questions may require novel modelling and analysis642

approaches to address. In any case, resilience and adaptation planners should prepare for643

a NEUS that experiences substantial increases in the frequency and intensity of extreme644

precipitation.645
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