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Abstract
The northeastern USA has experienced a dramatic increase in total and extreme precipita-
tion over the past 30 years, yet how precipitation will evolve across the Northeast by the 
end of the twenty-first century remains uncertain. To examine the future of precipitation 
across the Northeast, we use the Weather Research and Forecasting (WRF) regional cli-
mate model driven by the National Center for Atmospheric Research Community Earth 
System Model (CESM) to simulate precipitation for historical (1976–2005) and future 
(2070–2099) periods. We compare precipitation from CESM-WRF hindcasts to gridded 
observations (Daymet), finding a 4.6% dry bias and 7.7% wet bias for total and extreme 
precipitation, respectively. CESM-WRF projections have increases in both total (9.7%) 
and extreme (51.6%) precipitation by the end of the twenty-first century, with winter hav-
ing the largest increases in total precipitation (16.4%) and extreme precipitation (109.3%). 
These results are consistent with additional WRF simulations forced with the Max Planck 
Institute Earth System Model and the North American Coordinated Regional Downscal-
ing Experiment archive. To investigate the drivers of precipitation change, we analyze sev-
eral atmospheric variables and find that the projected increases in extreme precipitation 
are strongly related to increasing precipitable water over the eastern USA and the Atlantic 
Ocean. Understanding projected increases in total and extreme precipitation is critical for 
stakeholders to prepare for the impacts of intensified precipitation.
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1 Introduction

The northeastern USA is both the most densely forested and populated region in the 
country, containing both large urban areas and remote rural communities (Dupigny-
Giroux et al. 2018). The Northeast faces multiple hazards from climate change includ-
ing altered total and extreme precipitation, which can cause flooding, damage infra-
structure, reduce agricultural productivity, degrade ecosystems, and hurt tourism 
(Dupigny-Giroux et al. 2018). For example, enhanced total and extreme precipitation 
have the potential to destroy roads due to erosion and culvert failure (Rasmussen et al. 
2018), increase weather-related crop losses (Wolfe et  al. 2018), enhance agricultural 
runoff of pesticides and other chemicals (Bloomfield et  al. 2006), harm vulnerable 
freshwater aquatic habitats (Jones et al. 2013), and ruin important cultural landmarks 
and recreational areas (New Hampshire Coastal Risk and Hazards Commission, 2016). 
Given these broad impacts, it is essential to understand historical and potential future 
changes in Northeast total and extreme precipitation.

1.1  Total precipitation

Over the past century, the northeastern USA has experienced increased annual precipita-
tion (Hayhoe et al. 2007; Kunkel et al. 2013; Maloney et al. 2014; Walsh et al. 2014; Huang 
et  al. 2017, 2020). Huang et  al. (2017) found that total Northeast precipitation abruptly 
increased by 13% over 2002 to 2014; these results are consistent with Hayhoe et al. (2007) 
and Walsh et al. (2014). Hayhoe et al. (2007) determined that New England, New York, 
New Jersey, and Pennsylvania experienced an increase of 10 mm  decade−1 in annual total 
precipitation over the twentieth century, while Walsh et al. (2014) reported an 8% increase 
in Northeast precipitation since 1991, relative to 1901–1960.

The observed increases in total annual precipitation across the northeastern USA 
are expected to intensify during the twenty-first century due to climate change. Guil-
bert et al. (2014) found that mean daily precipitation over the Lake Champlain Basin in 
Vermont is projected to increase by 7.1% and 9.9% by the middle and late twenty-first 
century, respectively. These findings agree with Hayhoe et  al. (2007) who calculated 
annual total precipitation increases of 7 to 14%, depending on the emissions scenario, 
by the end of the century across the northeastern USA. Maloney et al. (2014) analyzed 
an ensemble of Coupled Model Intercomparison Project Phase 5 (CMIP5) simulations 
and found that Northeast total precipitation is projected to increase by 5–10% in the 
near-future (2009–2038) and 15–25% by the late twenty-first century (2069–2098).

While total annual precipitation is expected to increase, simulated precipitation 
changes are not evenly distributed across the year. Previous studies suggest that cli-
mate change will significantly increase winter precipitation (Hayhoe et al. 2007; Lynch 
et al. 2016) and either have no effect on or decrease summer precipitation by the late 
twenty-first century (Hayhoe et al. 2007). An evaluation of CMIP5 model projections 
by Lynch et  al. (2016) over New England and parts of Canada indicates significant 
increases in precipitation across spring, fall, and winter, with the most robust late cen-
tury (2071–2100) increases occurring in the winter (20.9  mm   month−1) and spring 
(20.6  mm   month−1). However, the 16 global climate models (GCMs) used by Lynch 
et al. (2016) did not agree on the direction of future precipitation change during July, 
August, and September, with evidence of weak drying during the late summer and 
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early fall despite an annual increase in precipitation. Consistent with these findings, 
Hayhoe et  al. (2007) used nine GCM simulations to conclude that total precipitation 
will experience about a 30% increase during the winter by 2070–2099, whereas sum-
mer total precipitation will remain virtually unchanged.

1.2  Extreme precipitation

The Northeast has experienced the largest increase in 99th percentile wet day precipitation 
(hereafter extreme precipitation) in the nation (Kunkel et al. 2013). Easterling et al. (2017) 
found that the Northeast experienced an approximate 55% increase in extreme precipitation 
between 1958 and 2016. Hoerling et al. (2016) also calculated an increase in observed heavy 
precipitation (95th percentile wet day precipitation) across the Northeast of about 30% over 
1979–2013, consistent with the broader trend over 1901–2013. Frei et al. (2015) found that 
extreme precipitation in 2001–2012 was significantly larger than during previous periods 
(e.g., 1977–1988), but also highlighted that precipitation trends are highly sensitive to start 
and end date. Consistent with Frei et  al. (2015), Huang et  al. (2017) discovered a change 
point in 1996 where extreme precipitation increased by 53% over 1996–2014 compared to the 
historical 1901–1995 mean. Huang et al. (2018) revealed that tropical cyclones were respon-
sible for almost half (48%) of the post-1996 extreme precipitation increase, with fronts and 
extratropical cyclones contributing 25% and 15%, respectively. Huang et al. (2021) attributed 
the post-1996 increase in Northeast extreme precipitation to internal Atlantic sea surface tem-
perature variability, anthropogenic aerosols, and greenhouse gasses.

Recent studies indicate that the Northeast is projected to experience significant increases in 
extreme precipitation over the twenty-first century. Maloney et al. (2014) focused on project-
ing extreme precipitation in the Northeast, finding that the number of heavy rainfall events 
(precipitation > 25 mm  day−1) are projected to increase four to five times by 2069–2098. Hay-
hoe et al. (2018) projected increases in Northeast extreme precipitation of over 40% by the 
late twenty-first century relative to 1986–2015. Thibeault and Seth (2014) found increases of 
57.6% and 100.4% in extreme precipitation by the middle (2041–2070) and late (2071–2099) 
twenty-first century compared to historical (1961–1990) values, respectively. Akinsanola et al. 
(2020) used 12 Coupled Model Intercomparison Project Phase 6 (CMIP6) climate model 
simulations to explore summer and winter changes in extreme precipitation events and found 
that precipitation is projected to increase during both seasons by the late twenty-first century, 
with larger increases during the winter. Thibeault and Seth (2014) also found larger increases 
in winter wet extremes relative to summer wet extremes, with winter extreme precipitation 
changes strongly influencing the projected increases in total annual precipitation.

1.3  Objectives

This study adds to the existing literature byanalyzing multiple simulations from a regional 
climate model explicitlycalibrated and evaluated over the Northeast as well as comparing 
those modelruns to an additional 16 simulations from the North American Coordinated 
RegionalDownscaling Experiment archive. Previous RCM studies of Northeast precipita-
tion, such as Loikith et al. (2018) and Huang et al. (2020), focus on model evaluation and 
do not include simulations of future climate. Thus, there remains a need to examine high-
resolution regional climate model simulations of future total and extreme precipitation over 
the Northeast USA, as well as compare the atmospheric drivers of precipitation changes 
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from regional climate model simulations to those found using GCMs. This study adds to 
the  existing literature by analyzing multiple simulations from a regional climate model 
explicitly calibrated and evaluated over the Northeast as well as comparing those model 
runs to an additional 16 simulations from the NA-CORDEX archive. Leveraging this broad 
ensemble, we quantify changes in multiple aspects of extreme precipitation, including inten-
sity, frequency, distribution, seasonality, and spatial patterns. In addition, we identify the 
large-scale atmospheric patterns associated with extreme precipitation across the Northeast 
and examine changes in those patterns to assess possible drivers of extreme precipitation 
change. Our findings have implications for flood preparedness and infrastructure planning, 
while also providing insights into the necessary adaptations to preserve the environment and 
economy of the Northeast.

2  Data and methods

2.1  Regional climate model simulations and observed data

We used the National Center for Atmospheric Research Weather Research and Forecasting 
model v3.9.1 (Skamarock et al. 2008) to generate high-resolution climate simulations. RCMs 
resolve processes that are not captured bycoarser resolution global climate models and can be 
tailored for specificclimate dynamics and impacts (Gutowski et al. 2020). However, the accu-
racy of RCMs is heavily influenced by errors in the GCM boundary conditions, choice of 
parameterization schemes, and complexity of the landscape (e.g., mountains, coasts). Loikith 
et  al. (2018), using the NASA-Unified WRF model, found a wet bias for mean precipita-
tion and a cold bias for mean temperature during the cool season in the Northeast. Similarly, 
Huang et al. (2020) used five WRF simulations with unique physics configurations over the 
Lake Champlain basin and found consistent wet and cold biases.

Our WRF configuration was based on Huang et al. (2020), who compared five uniquely 
parameterized WRF simulations over the Lake Champlain basin. Huang et  al. (2020) 
found that all simulations had similar skill in modeling mean temperature and precipita-
tion, but simulations of extreme temperature and precipitation were generally less accurate 
and more variable across model configurations. Out of the five configurations, Huang et al. 
(2020) determined that the RNWM — rapid radiative transfer model for GCMs (RRTMG) 
radiation scheme (Iacono et al. 2008), the new simplified Arakawa-Schubert (New SAS) 
cumulus scheme (Han & Pan 2011), the WRF Single-Moment 6-Class microphysics 
scheme (Hong & Lim 2006), and the MYJ planetary boundary layer scheme (Mesinger 
1993; Janjić 1994) — was the optimal configuration for simulating total and extreme pre-
cipitation over the Lake Champlain Basin. The selection of the New SAS cumulus scheme 
by Huang et al. (2020) is consistent with Bruyère et al. (2017), who found that the Kain-
Fritsch cumulus scheme overestimated precipitation compared to New SAS.

We used a model domain of 69 × 69 grid points (latitude × longitude) with a 36  km 
resolution set over the eastern USA (Fig. 1). For our analysis, we trimmed the domain to 
include only the Northeast states (Fig. 1), which we define as New Hampshire, Vermont, 
Massachusetts, Connecticut, Rhode Island, Maine, New York, Pennsylvania, New Jersey, 
Delaware, Maryland, Washington, D.C., and West Virginia, consistent with Walsh et  al. 
(2014) and Huang et al. (2017, 2018, 2021). We chose a 36 km resolution for WRF simula-
tions to prioritize spatial coverage and computational efficiency. While ideally simulations 
would have been run at a higher resolution as well, both Loikith et al. (2018) and Huang 
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et al. (2020) found that coarser spatial resolution does not degrade the quality of modeled 
precipitation. Loikith et  al. (2018) compared NASA-unified WRF model simulations of 
the Northeast at 24, 12, and 4 km horizontal resolutions, and showed that higher resolu-
tion simulations of precipitation are not more accurate than lower resolution simulations of 
precipitation. Similarly, Huang et al. (2020) showed that between 36, 12, and 4 km resolu-
tion WRF simulations, the 36 km simulations have the smallest annual precipitation biases 
compared to Daymet over the Lake Champlain Basin.

We compared historical simulations of WRF forced with bias-corrected National 
Center for Atmospheric Research Community Earth System Model data (CESM-WRF) to 
Daymet, a daily gridded observational dataset from the Oak Ridge National Laboratory 
Distributed Active Archive Center (Thornton et al. 1997, 2016). Daymet data are available 
for North America at a 1-km spatial resolution from 1980 to the present. We directly com-
pared Daymet data with CESM-WRF simulations by first upscaling Daymet to match the 
spatial resolution of our CESM-WRF simulations (36 km resolution) and then using linear 
interpolation to map Daymet to the WRF grid. Daymet is a land-based observational prod-
uct; therefore, we removed grid cells dominated by water (e.g., Lake Ontario and Atlantic 
Ocean) from our CESM-WRF simulations using the Daymet landmask. All Daymet analy-
ses in this study were conducted over the period of 1980–2005.

To contextualize our CESM-WRF results, we ran additional WRF simulations using 
boundary conditions from the Max Planck Institute Earth System Model (ESM-WRF). The 
configuration of WRF in CESM-WRF and ESM-WRF was identical. We further evalu-
ated our CESM-WRF results using 16 simulations (Table S1) from the North American 
Coordinated Regional Downscaling Experiment (NA-CORDEX; Mearns et al. 2017). NA-
CORDEX RCM simulations cover the majority of North America at high spatial resolution 
and are forced by GCM outputs from CMIP5. Non-bias corrected NA-CORDEX outputs 
were used in this study because we only assessed changes between future and historical 

Fig. 1  WRF domain and elevation with Northeast states bolded
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simulations (reducing the impacts of biases) and at the time of analysis there were errors in 
the bias-corrected NA-CORDEX data (McGinnis 2021). Further, we calculated NA-COR-
DEX precipitation changes by amount (mm/year) in addition to percentage, as percentage 
uses historical precipitation and therefore could be sensitive to using non-bias corrected 
simulations, and found similar results (not shown).

Our historical and future CESM-WRF simulations spanned 1976–2005 and 2070–2099, 
respectively. Both historical and future simulations were run in 5-year time slices with a 
6-month spin-up. For example, the simulation for 1976–1980 was initialized July 1st of 
1975, and then the simulation for 1981–1985 was initialized on July 1st of 1980. WRF, 
CESM, and ESM boundary conditions along with NA-CORDEX simulations were run 
under Representative Concentration Pathway (RCP) 8.5 (Moss et  al. 2010). We also ran 
our WRF simulations under RCP 4.5 to examine the sensitivity of our results to green-
house gas emissions scenario.

2.2  Precipitation indices

There are a variety of definitions for extreme precipitation, which typically incorporate 
attributes such as threshold or metric, timescale, and spatial scale (Barlow et al. 2019). We 
define extreme precipitation (EP) as the amount of precipitation falling during the top 1% 
of wet days (99th percentile wet days; Walsh et al. 2014; Frei et al. 2015; Easterling et al. 
2017; Huang et al. 2017, 2018, 2020). While this definition is used extensively and allows 
us to compare our results to previous studies, we caveat that 99th percentile wet days do 
not necessarily cause societal impacts. Extreme precipitation thresholds were determined 
for each grid cell by finding the 1% of wet days (precipitation > 1 mm  day−1) with the most 
precipitation across all 30 years (26 years for Daymet analyses) in a given grid cell. When 
comparing historical and future EP, we used the historical thresholds for both time periods 
to show how EP is projected to change over the century relative to historical EP. We calcu-
late separate EP thresholds for CESM-WRF, Daymet, ESM-WRF, and each NA-CORDEX 
simulation annually and by season, consistent with previous literature (e.g., Huang et al. 
2017). We define spring as March, April, and May (MAM), summer as June, July, and 
August (JJA), fall as September, October, and November (SON), and winter as December, 
January, and February (DJF). We define total precipitation (TP) as the annual (or seasonal) 
sum of precipitation on wet days. Definitions of EP and TP match indices described by the 
Expert Team on Climate Change Detection and Indices (ETCCDI; Zhang et al. 2011). The 
1 mm  day−1 threshold for wet days is chosen for consistency with previous studies includ-
ing ETCCDI, as well as the fact that rain gauges, from which Daymet data are derived, can 
struggle to accurately capture rainfall measurements under 1 mm (Zhang et al. 2001). The 
frequencies of TP and EP are calculated by taking the average number of wet days and EP 
days over the Northeast, and the intensity is the average amount of TP that falls on wet 
days and EP that falls on EP days. We evaluated the statistical significance of changes in 
precipitation using the two sample Kolmogorov–Smirnov test (K-S test), a nonparametric 
goodness-of-fit test, using a significance level of p < 0.05.

2.3  Analysis of atmospheric dynamics

We assessed potential atmospheric drivers of EP changes by comparing historical 
(1986–1995) and future (2081–2090) precipitable water, 500 mb winds, and sea level 
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pressure. For each potential atmospheric driver, we first created EP day anomaly maps by 
subtracting the composite of that driver on all days from the composite of that driver on EP 
days. Identifying the patterns of potential atmospheric drivers associated with EP in both 
historical and future periods provides a general impression of the atmospheric drivers asso-
ciated with EP days and whether these patterns change in the future.

To examine temporal changes in atmospheric dynamics we then calculated the differ-
ences (future minus historical) for each potential atmospheric driver on EP days, where 
consistencies between these differences and the anomaly pattern suggest a shift toward 
more favorable conditions for EP days in the future.

Finally, we quantified how close the potential atmospheric driver anomaly patterns are 
on each historical and future EP day relative to the average historical EP day. We first cal-
culated the potential atmospheric driver anomaly pattern for each historical and future EP 
day. We then averaged the anomaly patterns for all historical EP days and subtracted that 
composite from the potential atmospheric driver anomaly patterns for each historical and 
future EP day. Finally, we took the root mean squared deviation (RMSD) of this difference, 
and then plotted the result against the magnitude of the EP event. By quantifying the dif-
ference between potential atmospheric driver anomaly patterns for each EP day and the 
historical average EP day, we can better understand how historical and future anomalies 
for each potential atmospheric driver connect to EP events and the projected changes in 
frequency and intensity of EP. We provide an example of this analysis in Fig. S1.

The domain for the atmospheric dynamics analyses is shown in Fig. 1 and similar to the 
precipitation analysis domain, but with water bodies, states outside of the Northeast, and 
Canada. We examined potential atmospheric drivers over two 10-year periods that fall in 
the middle of the historical (1976–2005) and future (2070–2099) periods used for our pre-
cipitation analysis to ensure feasibility both in terms of computational processing and data 
storage (atmospheric drivers require writing out three dimensional fields).

3  Results

We first compare annual and seasonal historical CESM-WRF total and extreme precipita-
tion with Daymet to assess the accuracy of our model simulations. Second, we analyze the 
annual and seasonal differences between future and historical total and extreme precipi-
tation using CESM-WRF. Third, we compare projections of total and extreme precipita-
tion across CESM-WRF, ESM-WRF, and the NA-CORDEX archive. Finally, we contrast 
future and historical atmospheric dynamics to identify the drivers of the projected changes 
in extreme precipitation.

3.1  Total precipitation biases

Spatially averaged, CESM-WRF simulations of annual total precipitation (TP; sum of pre-
cipitation across wet days) have a small (54.6 mm; 4.6%) dry bias compared to Daymet 
between 1980 and 2005 (Table  1), with maximum biases generally less than 300  mm 
(Fig. 2). We find that CESM-WRF underestimates TP in the southern New England states, 
including Massachusetts, Rhode Island, and Connecticut. TP is simulated best in the south-
ern and western parts of the Northeast, such as central Pennsylvania and western New 
York, with some wet biases in central New York, southwestern Pennsylvania, and West 
Virginia (Fig. 2). CESM-WRF simulates an excess of wet days, annually and throughout 
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each season, compared to Daymet observations (Table 1). The excess number of wet days 
is offset by CESM-WRF’s tendency to simulate lower precipitation intensity (less rainfall 
per wet day) than Daymet. Specifically, CESM-WRF simulated mean wet day precipitation 
is 23.2% less than Daymet, but CESM-WRF simulates 20.7% more wet days per year than 
Daymet, leaving an annual TP bias of − 4.6% (Table 1).

Table 1  Biases in total wet day precipitation (TP), the number of wet days, and TP intensity between 
CESM-WRF and Daymet (1980–2005). Numbers in the table reflect the regional average. Statistically sig-
nificant (p < 0.05) biases have an asterisk

CESM-WRF Daymet Bias

Annual:
  Total precipitation
  Wet days
  Intensity

1,127.4 mm/year
149.6 days/year
5.3 mm

1,182.0 mm/year
123.9 days/year
6.9 mm

-4.6%
 + 20.7%*
-23.2%*

Spring:
  Total precipitation
  Wet days
  Intensity

305.6 mm/year
39.3 days/year
5.5 mm

304.5 mm/year
33.4 days/year
6.6 mm

 + 0.4%
 + 17.7%*
-16.7%*

Summer:
  Total precipitation
  Wet days
  Intensity

318.5 mm/year
47.1 days/year
5.7 mm

307.4 mm/year
31.0 days/year
8.3 mm

 + 3.6%
 + 51.9%*
-31.3%*

Fall:
  Total precipitation
  Wet days
  Intensity

235.9 mm/year
30.5 days/year
5.1 mm

311.4 mm/year
29.6 days/year
7.2 mm

-24.3%*
 + 3.0%
-29.2%*

Winter:
  Total precipitation
  Wet days
  Intensity

248.9 mm/year
32.7 days/year
4.6 mm

240.8 mm/year
29.9 days/year
5.5 mm

 + 3.4%
 + 9.4%*
-16.4%*

Fig. 2  Spatial distribution of a CESM-WRF historical (1980–2005) total precipitation and b total precipita-
tion bias between CESM-WRF historical and Daymet (1980–2005)
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The seasonal breakdown of TP also contains small biases for spring, summer, and win-
ter; however, during the fall, CESM-WRF simulates a statistically significant 24.3% dry 
bias (Table 1). This large fall dry bias in CESM-WRF is a result of a small positive bias in 
the frequency of wet days coupled with a larger negative bias in intensity. Spatial patterns 
of CESM-WRF TP spring, summer, and winter biases are similar to the spatial pattern of 
the CESM-WRF TP annual bias; however, in the fall, TP is almost uniformly underesti-
mated across the Northeast (Fig. S2).

ESM-WRF simulations also overestimate TP in spring, summer, and winter, and under-
estimate TP in fall (Table S2). Like CESM-WRF, ESM-WRF overestimates wet day fre-
quency but underestimates wet day intensity annually and for all seasons (Table S2).

3.2  Extreme precipitation biases

Biases in extreme precipitation (EP; sum of precipitation on top 1% of wet days) are larger 
than TP biases, however the differences between CESM-WRF and Daymet EP are statisti-
cally insignificant annually and across all seasons (Table 2). CESM-WRF simulations have 
an EP wet bias of 7.7% annually (Fig. 3) and between 21 and 30% for all seasons except 
the fall, where EP is underestimated by 22.6% (Table 2). Across the Northeast, yearly EP 
biases have a west to east gradient with West Virginia, western Pennsylvania, and central 
New York having notable wet biases, states along the Atlantic coast having dry biases, and 
the center of the region being simulated most accurately (Fig. 3).

Although overall EP biases are insignificant, biases in EP frequency are significant 
annually and in summer and fall, and biases in EP intensity are significant annually and for 
all seasons (Table 2). CESM-WRF EP and TP frequency biases are similar in magnitude, 
with CESM-WRF simulating 22.3% more EP days than Daymet. CESM-WRF simulates 

Table 2  Biases in total extreme 
precipitation (EP), the number 
of EP days, and EP intensity 
between CESM-WRF and 
Daymet (1980–2005). Numbers 
in the table reflect the regional 
average. Statistically significant 
(p < 0.05) biases have an asterisk

CESM-WRF Daymet Bias

Annual:
  Extreme precipitation
  EP days
  Intensity

71.3 mm/year
1.48 days/year
44.0 mm

66.2 mm/year
1.21 days/year
48.1 mm

 + 7.7%
 + 22.3%*
-8.5%*

Spring:
  Extreme precipitation
  EP days
  Intensity

17.6 mm/year
0.37 days/year
42.3 mm

14.5 mm/year
0.31 days/year
42.4 mm

 + 21.4%
 + 19.4%
-0.2%*

Summer:
  Extreme precipitation
  EP days
  Intensity

19.7 mm/year
0.45 days/year
40.2 mm

15.2 mm/year
0.29 days/year
50.9 mm

 + 29.6%
 + 55.2%*
-21.0%*

Fall:
  Extreme precipitation
  EP days
  Intensity

14.4 mm/year
0.29 days/year
46.1 mm

18.6 mm/year
0.28 days/year
56.1 mm

-22.6%
 + 3.6%*
-17.8%*

Winter:
  Extreme precipitation
  EP days
  Intensity

14.8 mm/year
0.31 days/year
42.1 mm

11.7 mm/year
0.27 days/year
38.8 mm

 + 26.5%
 + 14.8%
 + 8.5%*
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higher EP event frequency but lower EP event intensity than Daymet. As with TP, these 
two compensating biases result in an insignificant yearly total EP bias of approximately 
7.7% (Table 2).

The spring and summer spatial patterns of EP bias are consistent with the annual spa-
tial pattern of EP bias (Fig. S3). However, the winter wet bias is present across most of 
the domain, and the fall dry bias is relatively uniform across the domain with only a few 
areas showing wet biases, including West Virginia and the area surrounding Albany, NY 
(Fig. S3). Biases in frequency partially offset biases in intensity during the summer, but 
not during the other seasons, and fall is the only season with a dry bias in EP, a result of 
WRF simulating slightly more frequent but substantially less intense EP days than Daymet 
(Table 2).

ESM-WRF simulates more EP than CESM-WRF, with an annual EP bias of 26.6% 
(Table S3). ESM-WRF overestimates EP in every season, with significant biases in sum-
mer and winter (Table S3). Excess ESM-WRF EP is the result of too many EP days com-
bined with greater EP intensity relative to Daymet, except in summer where EP intensity is 
underestimated.

3.3  Changes in total precipitation

Northeast annual total precipitation is projected (CESM-WRF under RCP 8.5) to increase 
9.7% by the end of the twenty-first century (2070–2099) relative to the historical period 
(1976–2005; Table 3, Fig.  4), consistent with ESM-WRF simulations (Table S4). Virtu-
ally all the Northeast is expected to have increases in annual TP, but the largest changes 
are projected to occur in West Virginia, central New York, the Lake Champlain Basin, and 
northern Maine (Fig. 4b). Annually, CESM-WRF simulations reveal almost no change in 
the average number of wet days, but a statistically significant 7.6% increase in TP intensity 
(Table 3). Similarly, ESM-WRF simulations have a significant increase in wet day intensity 
and a smaller (though significant) decrease in the number of wet days (Table S4). These 
findings indicate that intensity, instead of frequency, drives simulated increases in annual 
precipitation (Table 3).

Fig. 3  Spatial distribution of a CESM-WRF historical (1980–2005) extreme precipitation and b extreme 
precipitation bias between CESM-WRF historical and Daymet (1980–2005)
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Spring, summer, and winter are projected to have statistically significant increases in 
TP by the end of the century, with winter having the largest increase of 16.4% (Table 3, 
Fig.  S4). The simulated increases in winter and spring precipitation from CESM-WRF 
agree with ESM-WRF; however, the two models disagree on the direction and magnitude 
of change during the summer and fall seasons (Table 3, S4). Although CESM-WRF and 
ESM-WRF disagree on total precipitation changes during the fall, both simulate fewer 
wet days and more intense fall TP by the end of the twenty-first century (Table 3, S4). In 
contrast, spring, summer, and winter wet days each year are virtually unchanged in both 

Table 3  Difference between 
future (2070–2099) and historical 
(1976–2005) total wet day 
precipitation (TP), the number 
of wet days, and TP intensity for 
CESM-WRF. Numbers in the 
table reflect the regional average. 
Statistically significant (p < 0.05) 
changes have an asterisk

Historical Future Change

Annual:
  Total precipitation
  Wet days
  Intensity

1128.0 mm/year
149.2 days/year
5.3 mm

1237.4 mm/year
149.5 days/year
5.7 mm

 + 9.7%*
 + 0.2%
 + 7.6%*

Spring:
  Total precipitation
  Wet days
  Intensity

308.0 mm/year
39.5 days/year
5.5 mm

342.3 mm/year
40.2 days/year
6.0 mm

 + 11.1%*
 + 1.8%
 + 9.1%*

Summer:
  Total precipitation
  Wet days
  Intensity

332.3 mm/year
46.7 days/year
5.7 mm

378.0 mm/year
47.7 days/year
6.3 mm

 + 13.8%*
 + 2.1%
 + 10.5%*

Fall:
  Total precipitation
  Wet days
  Intensity

236.5 mm/year
30.2 days/year
5.1 mm

224.6 mm/year
27.7 days/year
5.2 mm

-5.0%
-8.3%*
 + 2.0%

Winter:
  Total precipitation
  Wet days
  Intensity

251.2 mm/year
32.8 days/year
4.6 mm

292.5 mm/year
33.9 days/year
5.3 mm

 + 16.4%*
 + 3.4%
 + 15.2%*

Fig. 4  Average a CESM-WRF historical (1976–2005) total precipitation and b difference between CESM-
WRF future (2070–2099) and historical total precipitation across the Northeast
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CESM-WRF and ESM-WRF projections (Table 3, S4). Here, the projected changes in TP 
across these three seasons are primarily due to increases in the amount of precipitation on 
wet days, with the largest changes occurring during the winter (Table 3, S4). CESM-WRF 
projections of TP under RCP 8.5 are qualitatively consistent with CESM-WRF projections 
under RCP 4.5, though changes are smaller in magnitude and generally insignificant due to 
the lower radiative forcing (Table S6).

Outputs from the 16 GCM-RCM pairs in the NA-CORDEX archive are consistent with 
CESM-WRF and ESM-WRF results, with 13 of 16 simulations projecting statistically sig-
nificant increases in annual TP (Table S8–S23). NA-CORDEX simulations generally agree 
with CESM-WRF and ESM-WRF for winter and spring, with 14 out of 16 NA-CORDEX 
simulations projecting statistically significant increases in winter TP and 12 out of 16 NA-
CORDEX simulations projecting significant increases in spring TP (Table S8–S23). NA-
CORDEX simulations provide further evidence that the projected annual TP increases 
are driven by winter and spring TP increases. NA-CORDEX simulations agree with the 
lack of a significant change in TP during the fall projected by both CESM-WRF and ESM-
WRF. However, during the summer only 3 NA-CORDEX simulations project significant 
TP increases, which is consistent with ESM-WRF but not CESM-WRF (Table S8–S23). 
A summary of the magnitude of annual and seasonal TP projections for the NA-CORDEX 
models, with CESM-WRF and ESM-WRF plotted for reference, is shown in Fig. 5.

3.4  Changes in extreme precipitation

Over the twenty-first century EP is projected (CESM-WRF under RCP 8.5) to increase an 
average of 51.6% across the Northeast (Table 4, Fig. 6b). As with TP, almost the entire 
domain experiences increased EP with West Virginia, parts of Pennsylvania, central New 

Fig. 5  Projected changes in annual and seasonal total precipitation for all NA-CORDEX simulations, ESM-
WRF, and CESM-WRF. Statistically significant (p < 0.05) changes have filled in markers
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York, the Lake Champlain Basin, and northeastern Maine recording the largest increases 
(Fig. 6). Compared to CESM-WRF, the ESM-WRF EP increase (104.2%) is substantially 
higher (Table S5). Despite the widespread increases of EP inland, slight reductions in EP 
are projected for several grid cells along the Atlantic coast with fall coastal drying most 
heavily influencing this spatial pattern (Fig. 6, S5). CESM-WRF simulations reveal a 48.7% 

Table 4  Difference between future (2070–2099) and historical (1976–2005) extreme precipitation (EP), the 
number of EP days, and EP intensity for CESM-WRF. Numbers in the table reflect the regional average. 
Statistically significant (p < 0.05) have an asterisk

Historical Future Change

Annual:
  Extreme precipitation
  EP days
  Intensity

72.3 mm/year
1.48 days/year
44.4 mm

109.6 mm/year
2.20 days/year
44.8 mm

 + 51.6%*
 + 48.7%*
 + 0.9%

Spring:
  Extreme precipitation
  EP days
  Intensity

17.8 mm/year
0.38 days/year
42.5 mm

33.6 mm/year
0.69 days/year
43.2 mm

 + 88.8%*
 + 81.6%*
 + 1.7%

Summer:
  Extreme precipitation
  EP days
  Intensity

20.6 mm/year
0.45 days/year
40.0 mm

29.5 mm/year
0.65 days/year
39.4 mm

 + 43.2%*
 + 44.4%*
-1.5%

Fall:
  Extreme precipitation
  EP days
  Intensity

15.3 mm/year
0.28 days/year
47.4 mm

17.4 mm/year
0.34 days/year
47.8 mm

 + 13.7%
 + 21.4%
 + 0.8%

Winter:
  Extreme precipitation
  EP days
  Intensity

15.0 mm/year
0.31 days/year
42.5 mm

31.4 mm/year
0.64 days/year
43.2 mm

 + 109.3%*
 + 106.5%*
 + 1.7%

Fig. 6  Average a CESM-WRF historical (1976–2005) extreme precipitation and b difference between 
CESM-WRF future (2070–2099) and historical extreme precipitation across the Northeast
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increase in the number of EP days per year, but almost no change in EP intensity (Table 4). 
Similarly, ESM-WRF projects a 94.1% increase in frequency and only a minor intensity 
increase, therefore emphasizing that frequency rather than intensity drives simulated future 
EP increases (Table S5). Figure 7a and b show the historical and future distributions of 
annual and daily EP, respectively, for CESM-WRF. There are no years in 2070–2099 with 
EP less than 50 mm, and eight unprecedented years of annual EP exceeding 125 mm. Fig-
ure 7b clearly displays the marked increase in the frequency of all EP days, and also high-
lights the increase in the frequency of the most extreme EP days (> 100 mm), with several 
unprecedented events (> 175 mm; not shown).

CESM-WRF simulations indicate that each season is projected to experience a domain 
average increase in EP, but the magnitudes of these changes vary. Winter EP is projected to 
increase by 109.3%, whereas the fall increase is insignificant (Table  4). ESM-WRF simu-
lates a significant winter and fall increase in EP (Table S5). Both CESM-WRF and ESM-
WRF have statistically significant increases in spring EP (88.8% and 137.9%, respectively), 
suggesting that spring may also be an important driver of future EP change (Table 4, S5). 
With the exception of the fall, all seasons are projected to experience significant increases 
in EP frequency, with winter and spring having the most marked changes of 106.5% and 
81.6%, respectively (Table 4). Conversely, seasonal changes in EP intensity for CESM-WRF 
are insignificant and range from − 2% and 2%, in agreement with ESM-WRF for all seasons 
except the fall (Table S5). Although spatial changes in EP vary across seasons, CESM-WRF 
projects that EP consistently increases in West Virginia, parts of Pennsylvania, and northeast-
ern Maine (Fig. S5), similar to ESM-WRF (not shown). Areas of decreasing EP include the 
New England coast in fall and winter, and western New York in summer (Fig. S5).

NA-CORDEX simulations contain statistically significant increases annually and dur-
ing the spring and winter for all GCM-RCM pairs. The increases in annual EP range from 
47.9% (Table  S39) to 169.3% (Table  S24) which suggests that the CESM-WRF projec-
tions are conservative. The largest seasonal percentage EP change in the NA-CORDEX 
simulations (Table S24–S39) occurs either in the winter (10 simulations) or the spring (6 
simulations). This finding strengthens the evidence that wintertime EP events are expected 

Fig. 7  Histograms of a CESM-WRF spatially averaged annual extreme precipitation for historical (1976–
2005) and future (2070–2099) periods and b CESM-WRF daily extreme precipitation for each grid cell over 
all 30 years of the historical and future periods
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to play an important role in annual TP and EP increases across the Northeast, consistent 
with CESM-WRF and ESM-WRF simulations. Most NA-CORDEX simulations also have 
significant increases in summer and fall EP, but percentage changes are smaller in mag-
nitude than during the colder months. Annual and seasonal EP differences between the 
2070–2099 and 1976–2005 for the NA-CORDEX models, CESM-WRF, and ESM-WRF 
are shown in Fig. 8. Across ESM-WRF, CESM-WRF, and the ensemble of NA-CORDEX 
simulations, Fig.  8 highlights the importance of winter and spring EP increases to the 
annual change over the Northeast.

3.5  Atmospheric drivers of projected precipitation changes

We analyzed the drivers of future extreme precipitation change in the Northeast using a 
suite of atmospheric variables from the CESM-WRF model runs. Figure 9a and b show 
the precipitable water anomaly (average precipitable water on EP days minus average pre-
cipitable water on all days) in the historical and future periods, respectively. Both historical 
and future anomalies show marked increases in precipitable water over the eastern USA on 
EP days compared to all days (Fig. 9a, b), confirming the expectation that EP is associated 
with increased moisture. Consistent with the large increases in EP described above, we find 
that the average EP day in the future has 6.25 mm (23.8%) more precipitable water than the 
average EP day in the historical record (Fig. 9c). The largest future increases in precipita-
ble water are projected to be over the Atlantic Ocean and across the southern continental 
USA. Precipitable water increases at higher latitudes are still projected to be substantial, 

Fig. 8  Projected changes in annual and seasonal total extreme precipitation for all NA-CORDEX simula-
tions, ESM-WRF, and CESM-WRF. Statistically significant (p < 0.05) changes have filled in markers
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despite not being as large as in the southeastern USA. Figure 9d compares the precipitable 
water anomaly pattern on each historical and future EP day with the precipitable water 
anomaly pattern on the average EP day in the historical record. We find that while there 
are many EP days where the future precipitable water anomaly is markedly larger (higher 
RMSD in Fig. 9d, net increase in average precipitable water in Fig. 9c), these days are not 
associated with heavier amounts of EP, but instead generally fall within the historical EP 
events range of 30 to 60 mm (Fig. 9d).

The historical and future 500 mb wind anomaly plots (Fig. 10a, b) show increased 
anticyclonic flow centered over far northeastern Maine, resulting in enhanced southerly 
and southeasterly winds driving moisture into the Northeast from the Atlantic Ocean. 
These circulation pattern on EP days can draw moisture from south of the Northeast, 
where there are greater changes in precipitable water (Fig.  9c). However, across the 
domain differences between historical and future 500 mb winds on EP days reveal a 
small (< 1 m  s−1) weakening in anticyclonic flow centered over Vermont, New Hamp-
shire, and Maine (Fig. 10c). The very small changes in the magnitude of 500 mb winds 

Fig. 9  The CESM-WRF a average historical (1986–1995) EP anomaly, b average future (2081–2090) EP 
anomaly, c difference between the average future EP day and the average historical EP day, and d differ-
ences between historical and future EP days and the average historical EP anomaly, for precipitable water
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over the twenty-first century are apparent in Fig. 10d, which shows the markers for his-
torical and future winds clustered closely together, emphasizing that projected 500 mb 
winds on future EP days are very similar to the 500 mb winds simulated on historical 
EP days. We repeated this analysis for 250 mb winds to understand changes at other 
vertical pressure levels (not shown) and found patterns similar to Fig. 10.

Figures  11 a and b show a strong low-pressure anomaly over the majority of the 
Northeast, Mid-Atlantic, and Midwestern states in both historical and future sea level 
pressure anomaly plots. This indicates a concentration of low-pressure systems on EP 
days and is accompanied by pronounced high-pressure in the upper right corner of 
the domain (Fig.  11a, b). Unlike the anomaly plots, Fig.  11c reveals that overall sea 
level pressure on future EP days is projected to be slightly higher than on historical 
EP days across most of the Northeast. Similar to 500 mb winds, we find that the dif-
ference between sea level pressure anomalies on future and historical EP days is small 
(Fig. 11c, d).

Fig. 10  The CESM-WRF a average historical (1986–1995) EP anomaly, b average future (2081–2090) EP 
anomaly, c difference between the average future EP day and the average historical EP day, and d differ-
ences between historical and future EP days and the average historical EP anomaly, for 500 mb winds
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4  Discussion

4.1  Total and extreme precipitation biases

Compared to Daymet, CESM-WRF and ESM-WRF simulate excess precipitation and wet 
days for most seasons, generally consistent with previous evaluations of WRF precipitation 
over the Northeast (Loikith et  al. 2018; Huang et  al. 2020). Both CESM-WRF and ESM-
WRF, despite having different overall annual biases, underestimate TP intensity annually and 
in each season. While the vast majority of TP biases are less than 300 mm, there are some 
areas where maximum biases can exceed 300 mm. These maximum biases primarily occur in 
urban areas, such as Syracuse, Boston, and Pittsburgh, and in regions near water bodies that 
are not large enough to be masked out (e.g., Lake Champlain and Moosehead Lake).

CESM-WRF and ESM-WRF simulations of EP over1980-2005 have wet biases annu-
ally and for all seasons, except for CESM-WRF fall. This is consistent with Huang et al. 
(2020), who found that WRF tends to overestimate extreme precipitation more than total 

Fig. 11  The CESM-WRF a average historical (1986–1995) EP anomaly, b average future (2081–2090) EP 
anomaly, c difference between the average future EP day and the average historical EP day, and d differ-
ences between historical and future EP days and the average historical EP anomaly, for sea level pressure
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precipitation. CESM-WRF simulations of EP have the same general spatial patterns of pre-
cipitation bias as TP; however, the magnitudes of the EP biases are larger. These larger EP 
biases are expected, as previous literature has shown that WRF simulations can reproduce 
the majority of the precipitation distribution but struggle to accurately simulate the tail 
(Huang et al. 2020). CESM-WRF and ESM-WRF both simulate excess EP days compared 
to Daymet annually and throughout each season. The similarity between wet day and EP 
day frequency biases for CESM-WRF and ESM-WRF is a result of EP being defined as the 
amount of precipitation falling on the top 1% of wet days recording the most precipitation 
(Huang et al. 2017). Therefore, the number of EP days each year is directly linked to the 
number of wet days. We evaluate precipitation biases in this manuscript primarily to pro-
vide context for simulated precipitation changes; and while Loikith et al. (2018) and Huang 
et al. (2020) do assess some relationships between model configuration and bias, additional 
work that explores the causes of the WRF TP and EP biases (e.g., parameterizations, bound-
ary conditions, domain, resolution) is critical to improving precipitation projections for the 
Northeast.

4.2  Changes in total and extreme precipitation

The 9.7% increase in annual total precipitation projected by CESM-WRF is consistent with 
ESM-WRF projections of a 10.8% increase, and with Hayhoe et al. (2007) who projected 
a 14% increase in annual precipitation by the end of the century under the A1FI emis-
sions scenario. We find that CESM-WRF projects domain-wide increases in TP by the 
end of the century, with the largest increases occurring west of the coastal Atlantic. These 
results agree with Lynch et al. (2016), who determined that the most significant increases 
in Northeast precipitation are projected to occur in the northern and interior regions. Sea-
sonally, CESM-WRF simulates the largest increases (16.4%) in TP during the winter sea-
son, which is consistent with ESM-WRF results but half that of Hayhoe et al. (2007), who 
found a 30% increase in winter TP by the end of the century over New England, New Jer-
sey, New York, and Pennsylvania under a high emissions scenario.

While CESM-WRF and ESM-WRF both project significant changes in winter and 
spring TP, they disagree on the magnitude and direction of TP change during the warm 
season. CESM-WRF projects an increase in summer precipitation and mild decrease in TP 
during the fall, whereas ESM-WRF projects a slight decrease in summer precipitation and 
an increase in fall TP. Similar studies have also found strong disagreement between models 
regarding the direction of warm-season precipitation change (Lynch et al. 2016). Out of the 
16 NA-CORDEX models, 13 project statistically significant increases in TP by the end of 
the century, with 14 models predicting increased fall rainfall. Unlike the fall, 9 NA-COR-
DEX simulations project summer increases, 6 project decreases, and 1 projects no change. 
Thus, we conclude that fall precipitation is likely to increase by the end of the twenty-first 
century despite the decrease projected by CESM-WRF, potentially linked to the large fall 
dry bias in CESM-WRF.

The 51.6% increase in EP simulated by CESM-WRF across the Northeast is consist-
ent with Hayhoe et  al. (2018), who projected increases exceeding 40% for the North-
east by 2070–2099 compared to 1986–2015. We find that CESM-WRF projections of 
total EP increases are likely conservative, with ESM-WRF projecting that annual EP 
will increase by approximately 104.2%. Our ESM-WRF findings agree with Thibeault 
and Seth (2014), who found increases of 100.4% in EP by the late twenty-first century 
(2071–2099) compared to historical values using 23 CMIP5 coupled models. Overall, 11 
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of 16 NA-CORDEX simulations project total EP increases between 50 and 100% by the 
end of the century, suggesting that CESM-WRF and ESM-WRF projections may serve as 
likely lower and upper bounds on Northeast EP changes, respectively.

Unlike the projected increases in TP intensity and minimal changes in wet day fre-
quency, both CESM-WRF and ESM-WRF project significant increases in EP day fre-
quency, with marginal increases in intensity. The simulated increases in frequency agree 
with historical changes described in Hoerling et al. (2016), who found that  95th percentile 
wet day precipitation increases over 1979–2013 were primarily driven by increases in event 
frequency rather than event intensity. However, we note that our choice to use a consistent 
EP threshold does affect our calculations of frequency and intensity. While on average EP 
intensity is not changing, there is an increase in EP days with very large precipitation totals, 
but it is diluted by a much larger increase in EP days with smaller precipitation totals. 
If we calculate thresholds separately for historical and future time periods, the increase 
in CESM-WRF EP intensity is 11.9%, a relatively moderate increase because the smaller, 
more numerous EP events dominate the mean. The significant increase in the number of 
EP days explains the increase in TP intensity. As the number of EP days increases in the 
future and the number of wet days remains relatively unchanged, each individual wet day 
is expected to experience more rainfall. Therefore, the increased frequency of EP events 
drives the increased intensity of total annual precipitation.

4.3  Atmospheric drivers of projected precipitation changes

We find that precipitable water is projected to increase markedly (+ 23.8%) on future EP 
days compared to historical EP days (Fig. 9c), consistent with projected changes in extreme 
precipitation. Numerous studies have similarly concluded that increased precipitable water 
is expected to be a key driver of precipitation change (Hoerling et al. 2016; Lynch et al. 
2016; Huang et al. 2018) due to the ability of a warmer atmosphere to hold more water 
vapor as described by the Clausius-Clapeyron (C–C) relationship. This is consistent with 
Teale and Robinson (2022), who found enhanced integrated water vapor transport over 
1900–2010. To contextualize how simulated increases in precipitable water scale with tem-
perature in our simulations, we analyzed projected changes in temperature in the bottom 
20 atmospheric layers, which hold the majority of water vapor. We find that average tem-
perature is projected to increase by approximately 3.7 K by the end of the century. Scaling 
the C–C relationship of a 7%  K−1 increase in moisture-holding capacity of the atmosphere 
(Trenberth et al. 2003), our 3.7 K increase in mean temperature corresponds to a 25.9% 
increase in precipitable water by the end of the century. CESM-WRF projects precipitable 
water to increase by 23.8% on future EP days (Fig. 9c) and 25.7% on all future days (not 
shown), highlighting the consistency of precipitable water changes in our simulations with 
the C–C relationship.

Precipitable water is projected to be markedly higher on many future EP days compared 
to historical EP days, as indicated by the higher RMSD in Fig. 9d. This drives an increase 
in regional EP day frequency (517 days in the historical, 701 days in the future), but does 
not drive an increase in regional EP intensity. However, as noted above, disentangling fre-
quency and intensity contributions to changing EP is complicated by choice of historical 
and future EP thresholds.

Enhanced anticyclonic flow over the northeast of the domain and increased southerly 
and southeasterly flow are associated with EP. These results agree with historical and future 
anomaly plots for precipitable water, as these winds drive moisture into the Northeast 
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from the Atlantic. However, we find minimal changes in wind speed (under 1 m   s−1 for 
the majority of the domain) between our historical and future anomaly plots. Given the 
disagreement between anomaly plots, the minimal changes in the difference plot, and the 
closely overlapping clusters in the scatterplot (Fig.  10), our results suggest that 500 mb 
winds are not an important driver of increased EP in our simulations.

The last potential driver of change we examined was sea level pressure, and both histori-
cal and future anomaly plots indicate that EP days are associated with large low-pressure 
systems over the Midwest, Mid-Atlantic, and most of the states in the Northeast. These 
anomaly plots are consistent with anomalies in precipitable water and 500 mb winds as 
anticyclonic activity over northeastern Maine leads to moisture being driven from the 
Atlantic into the Northeast region, facilitating rainfall. We find, however, that sea level 
pressure on future EP days is slightly higher (0.5  hPa) than on historical EP days, and 
inconsistent with the anomalies associated with EP days, suggesting that changes in sea 
level pressure are not a significant driver of the projected EP change in the Northeast.

4.4  Implications and future work

Total and extreme precipitation increases can have broad societal and ecological impli-
cations for the Northeast. Wolfe et al. (2018) revealed that 34% of Northeast crop losses 
over 2013–2016 were associated with extreme rainfall events. Increased total and extreme 
precipitation can reduce agricultural productivity through root anoxia, the spread of foliar 
diseases by fungi species, and by creating wet soil conditions favorable to root pathogens 
(Garrett et al. 2006; Wolfe et al. 2018). In addition to direct impacts on crops, increasing 
EP may also lead to enhanced agricultural runoff of pesticides, herbicides, and other harm-
ful chemicals into the environment (Bloomfield et al. 2006). This increase in surface runoff 
is increasingly problematic as the demand for herbicides is expected to increase as weeds 
grow faster due to the changing climate (Bloomfield et al. 2006).

Increases in total and extreme precipitation may also increase regional streamflow, 
affecting aquatic habitats (Field et al. 2007; Jones et al. 2013). Faster streamflow, combined 
with higher water temperatures, will degrade aquatic ecosystems for some species (Field 
et al. 2007; Jones et al. 2013). In addition to aquatic ecosystems, increasing streamflow due 
to more intense precipitation poses risks to Northeast bridges susceptible to bridge scour 
(Wright et  al. 2012). Wright et  al. (2012) found that between 2501 and 5000 bridges in 
New England are vulnerable to climate change, with a similar amount in the Mid-Atlantic 
states.

Potential future work includes using different thresholds for EP, analyzing more poten-
tial atmospheric drivers of precipitation change, and studying factors that may contribute 
to the societal impacts of EP. An analysis including thresholds in addition to the top 1% 
or using different top 1% thresholds for historical and future time periods, would allow 
for a more comprehensive investigation of the projected changes in EP, EP frequency, 
and EP intensity. Higher EP thresholds would likely require continuous records longer 
than 30 years to capture enough rare events for a meaningful analysis. In this study, we 
examined precipitable water, 500 mb winds, and sea level pressure, but numerous other 
variables, in particular those related to stability and lift, evapotranspiration and other land 
surface processes, and connections to large-scale atmospheric patterns, would provide a 
better understanding of the dynamics behind projected precipitation changes. For example, 
studies have suggested that decadal ocean variability and sea surface temperatures in the 
Atlantic Ocean may be important drivers of intense precipitation changes (Hoerling et al. 
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2016; Huang et al. 2018). In addition, previous literature found that extratropical cyclones 
are responsible for the majority of cool season precipitation, so examining extratropical 
cyclone development could illuminate drivers of seasonal precipitation (Zhang and Colle 
2017). Llopart et  al. (2021) assessed projected changes in the atmospheric water budget 
and precipitation of an ensemble of CORDEX simulations, finding that the atmospheric 
water budget variables that drive changes in precipitation vary by region and season. Also, 
Hayhoe et al. (2007) projected increased evapotranspiration in the Northeast under a warm-
ing climate. Lastly, analyses of antecedent soil moisture, precipitation phase, and other 
factors important to flooding could yield valuable insights into the impacts of total and 
extreme precipitation changes across the Northeast.

5  Conclusions

Compared to Daymet observations, CESM-WRF hindcasts simulate regionally averaged 
total precipitation well, with a slight dry bias that is statistically insignificant and occurs 
primarily along the coast and in New England. Fall is the main contributor to the annual 
dry bias with all other seasons having insignificant wet biases. CESM-WRF overestimates 
wet days and underestimates TP intensity. CESM-WRF extreme precipitation biases are 
larger than TP biases, but the seasonal patterns of EP and TP biases are similar. Seasonal 
EP biases partially cancel, resulting in an insignificant annual EP wet bias. Spatially, 
CESM-WRF simulations of annual EP have domain-wide wet biases except for slight dry-
ing along the coast from Delaware to southern Maine. Like TP, CESM-WRF overestimates 
the frequency of EP days during each season and underestimates EP intensity, except in the 
winter.

Future CESM-WRF simulations (2070–2099) ofNortheast annual TP are 9.7% greater 
than historical simulations (1976–2005),in close agreement with ESM-WRF simulations 
and most NA-CORDEX simulations. CESM-WRF simulated significant TP increases for 
spring, summer, and winter, with winter experiencing the most marked change of 16.4%. 
ESM-WRF projects no statistically significant summer or fall TP changes, and the 16 NA-
CORDEX GCM-RCM pairs vary widely in warm season projections of TP. We conclude 
that winter and spring increases are likely to drive future TP increases, while changes dur-
ing the summer and fall seasons remain uncertain, consistent with previous literature. We 
find that CESM-WRF projects the largest TP increases in West Virginia, central New York, 
the Lake Champlain Basin, and northern Maine. The increases in TP are caused by increas-
ing daily precipitation intensity, as the number of wet days does not significantly change 
except during the fall in CESM-WRF simulations.

Extreme precipitation is projected by CESM-WRF to increase 51.6% by the end of the 
century, with dramatic winter (+ 109.3%) and spring (+ 88.8%) increases. These findings 
are consistent with ESM-WRF projections and NA-CORDEX simulations, which suggest 
that CESM-WRF changes are conservative. EP increases are largest in West Virginia, parts 
of Pennsylvania, central New York, and northeastern Maine, with smaller increases occur-
ring along the Atlantic coast and south of Lake Ontario. Unlike TP, increases in EP are 
not a consequence of more intense events; rather, CESM-WRF and ESM-WRF project the 
number of EP days to increase markedly across each season. CESM-WRF does simulate 
EP days with unprecedented intensities, but they are averaged out by the large number of 
additional smaller EP days, leading to unchanged EP intensity. Increases in EP frequency 
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are consistent with increases in TP intensity, as the number of wet days is relatively 
unchanged, while the increase in the number of EP days drives up the intensity of daily TP.

We find domain-wide increases in precipitable water, which likely drive enhanced TP 
and EP by the end of the twenty-first century. More humid conditions in the Northeast 
facilitate enhanced precipitation over this region with the most substantial increases over 
the tropical Atlantic Ocean and southern continental USA. Winds at 500 mb on future 
and historical EP days are relatively similar, suggesting that changes in 500 mb winds are 
unlikely to be a substantial driver of future EP changes. Like 500 mb winds, changes in 
sea level pressure between future and historical EP days are small and inconsistent with 
historical EP day anomalies, and are therefore unlikely to cause more intense EP events.

This analysis importantly provides evidence that recent increases in extreme precipita-
tion will persist into the future, which has critical implications for infrastructure, flood pre-
paredness and response, food production, sediment transport, tourism, and ecosystems. We 
caveat that we focus exclusively on precipitation with one threshold for extreme precipita-
tion. Expanding this analysis by examining multiple thresholds and other factors important 
to societal impacts, such as precipitation phase, multi-day precipitation events, and ante-
cedent soil moisture, could yield valuable insight into future impacts of total and extreme 
precipitation changes across the Northeast.
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