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Key Points:
e Eighty-nine percent of the abrupt 1996 extreme precipitation increase is explained by
events in early fall, early summer, and late winter
e Tropical cyclones account for almost half of that increase (48%), followed by fronts
(25%) and extratropical cyclones (15%)
e Increased extreme precipitation is associated with warmer Atlantic sea surface

temperature, increased water vapor, and a wavier jet stream

Abstract

In 1996, the northeastern United States experienced an abrupt increase in extreme
precipitation, but the causal mechanisms driving this increase remain poorly understood. We
find that 89% of 19962016 increase relative to 1979-1995 is explained by only 273 unique
extreme events occurring in the months of February, March, June, July, September, and

October. We use daily weather maps to classify the 273 extreme precipitation events by
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meteorological cause (tropical cyclones, fronts, extratropical cyclones), and use reanalysis
data to determine large-scale changes in the atmosphere and ocean associated with increased
extreme precipitation for each classification. Results show tropical cyclones account for
almost half (48%) of the post-1996 extreme precipitation increase, while fronts and
extratropical cyclones are responsible for 25% and 15% of the increase, respectively. The
remaining 11% is from events in the other six months of the year and extreme events that
affected <5 stations. The increase in extreme precipitation from tropical cyclones after 1996
is associated with a shift to the Atlantic Multidecadal Oscillation (AMQ) warm phase, higher
total column water vapor, and potentially weakened steering winds. September and October
tropical cyclones caused significantly more extreme precipitation during the current AMO
warm phase (1996—present) than during the last warm phase (1928-1962), despite the same
number of Northeast tropical cyclones in both periods. Increased frontal extreme precipitation
is associated with a wavier (higher amplitude) jet stream, which likely facilitates the
development of more frequent fronts through the advection of cool northern air into the

American Midwest.

Plain Language Summary

Our previous work found the Northeast received 53% more annual extreme precipitation after
1996 than the years since 1901. In this study, we explore the mechanisms of the extreme
precipitation increase by examining a subset of heavy precipitation days that account for the
vast majority of the overall change in extreme precipitation across the 1996 shift. The months

of September and October contributed most to the overall extreme precipitation increase, due
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primarily to an increased frequency of extreme events caused by tropical cyclones. Extreme
events caused by fronts and extratropical cyclones also contributed substantially to the overall
extreme precipitation increase, especially during the months of June, July, and March.
Increased extreme precipitation from tropical cyclones is associated with warmer Atlantic sea
surface temperatures and more water vapor in the atmosphere. Enhanced extreme
precipitation from fronts and extratropical cyclones is coincident with a wavier jet stream and
potentially. connected to reduced west-to-east steering winds. By describing how, when, and
why extreme precipitation has increased over the Northeast, this study can help a variety of
stakeholders, including towns, emergency responders, and utilities, adapt to the current
regime of extreme precipitation, as well as inform future work attributing this extreme

precipitation shift.

1. Introduction

The amount of extreme precipitation (EP) has recently increased over the Northeastern
United States (hereafter as Northeast), especially over the past two decades (Kunkel et al.,
2013; Walsh et al., 2014; Frei et al., 2015; Huang et al., 2017). For example, Walsh et al.
(2014) reported a striking 71% increase in Northeast EP amount (99th percentile events) from
1958 to 2012. Other studies have noted a recent increase in both frequency and intensity of
Northeast EP, with the higher frequency of warm-season EP events being most important, and
little change in the cold season (Frei et al., 2015; Hoerling et al., 2016). Huang et al. (2017)
argue that rather than a linear change over several decades, the Northeast EP increase is best

characterized by an abrupt shift in 1996. Extreme precipitation from 1996-2014 was 53%
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higher than from 1901-1995, with the greatest increases in fall and spring (Huang et al.,
2017). In this paper, our objective is to better understand the climatological mechanisms

driving the 1996 shift in Northeast EP.

Northeast EP events are primarily associated with fronts, extratropical cyclones, and tropical
cyclones (Agel et al., 2015; Kunkel et al., 2012). Kunkel et al. (2012) found that 47% of
Northeast EP events (defined as 1-in-5-yr or longer recurrence interval) were caused by
frontal systems, followed by tropical cyclones (36%) and extratropical cyclones (16%). Agel
et al. (2015) also attributed a similar percentage of the 99th percentile daily precipitation
events to fronts and extratropical cyclones (66% total), however, a smaller proportion of the
events were attributed to tropical cyclones (19%), while the rest (15%) were from other
causes such as localized convection. Kunkel et al. (2012) discovered that EP events
associated with all three types of events have experienced increases; Northeast EP events
from extratropical cyclones rose significantly from 1908-2009, while EP events induced by
fronts and tropical cyclones also exhibited increases but without significance. However, the
19942008 period had the highest number of Northeast EP caused by tropical cyclones when
compared to all earlier 15-year periods from 1895-2008 (Kunkel et al., 2010). In Section 3.1
below; we build on these previous results by evaluating how much each of the three event
categories contributed to the 1996 shift in Northeast EP amount by year and season, as well

as changes in EP event frequency.

We also investigate the atmospheric and oceanic conditions responsible for the seasonal

© 2018 American Geophysical Union. All rights reserved.



changes in EP event type. It is notable that large-scale oceanic and atmospheric conditions
linked to tropical and extratropical cyclones and frontal systems have experienced changes
over recent decades. For instance, the multi-decadal variability of North Atlantic sea surface
temperatures (SSTs), represented by the Atlantic Multidecadal Oscillation (AMO;
Schlesinger & Ramankutty, 1994; Kerr, 2000), is associated with Atlantic Hurricane activity
and rainfall in the US (Enfield et al., 2001; Knight et al., 2006; Zhang & Delworth, 2006).
The AMO index shifted from a cold to warm phase around 1995 (Enfield et al., 2001;
Trenberth et al., 2017), and Curtis (2008) found an increase in Northeast EP events during the
hurricane season within warm phases of the AMO. Section 3.2.1 examines, in part, whether
enhanced hurricane activity associated with the shift to positive AMO conditions is

responsible for a significant portion of the Northeast EP increase since 1996.

In addition to warming SSTs, over the past three decades the Arctic has warmed faster than
the lower latitudes, known as Arctic amplification (AA; Screen & Simmonds, 2010; Hansen
etal., 2010; Orsi et al., 2017). AA has been hypothesized to modify atmospheric circulation
patterns and influence mid-latitude extreme weather patterns (Barnes & Screen, 2015; Cohen
et al., 2014; Francis & Vavrus, 2012, 2015; Wang et al., 2017; Cohen et al., 2018). Over the
mid-latitudes of North America and the North Atlantic, Francis and Vavrus (2012, 2015)
found links between AA and a weaker and higher amplitude (wavier) jet stream in most
seasons since 1979, facilitating more persistent extreme weather. Thus, we also investigate in
Section 3.2.2 and 3.2.3 whether a weaker or wavier jet stream contributed to the increase in

Northeast EP events since 1996.
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2. Data and Methods

We define the Northeast as Maine, New Hampshire, Vermont, Massachusetts, Connecticut,
Rhode Island, New Jersey, New York, Pennsylvania, Maryland, Delaware, West Virginia, and
Washington, D.C., as in Walsh et al. (2014) and Huang et al. (2017). Extreme precipitation
(EP) is defined as the top 1% of wet days by precipitation amount (99th percentile wet days).
We first identify the EP event dates from 1979-2016 using station observations, and then
attribute these events to different meteorological causes using daily weather maps. Next, we
investigate oceanic and atmospheric fields using European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis — Interim (ERA-I; Dee et al., 2011) data, and
contrast the patterns before and after 1996. ERA-I has a spectral horizontal resolution of ~79
km on 60 vertical layers with top layer at 0.1 hPa, and provides daily gridded estimates of
three-dimensional and two-dimensional meteorological variables from January 1, 1979 to

present (Dee et al., 2011).

A set of 210 Global Historical Climatology Network-Daily (GHCN-D) stations is used to
determine the dates of EP events in the Northeast from 1979-2016 (Figure S1). GHCN-D
station observations are provided by the National Centers for Environmental Information
(NCEI) at the National Oceanic and Atmospheric Administration (NOAA; Menne et al.,
2012a, 2012b). The 210 stations were selected by setting a precipitation completeness
threshold of at least 95% complete records in each year, and 90% of the overall years

available from 1979-2016 (i.e., at least 34 out of 38 years).
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Figure 4. a) Difference in average sea surface temperature (SST, °C) in Sept.—Oct. across the 1996 changepoint
(1996-2016 relative to 1979-1995). b) Difference in average total column water vapor (TCWV, kg m?) in
Sept.—Oct. across the 1996 changepoint. ¢) Time series of Atlantic basin hurricanes affecting the Northeast plus
five degrees on each side (blue box in a) in Sept.—Oct. (1928-2016, orange line), Northeast Sept.—Oct. extreme
precipitation (1979-2016, blue solid line), and Sept.—Oct. extreme precipitation (1928-2014, blue dashed line)
from Huang et al. (2017). The bold black domain in a) denotes the Northeast, while stippling in a) and b)
indicates a significant difference between the post-1996 and pre-1996 time series at the 0.05 level using the
Mann=Whitney U test.
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Figure 5. 500 hPa composite wind (W500, m s™) for extreme precipitation days caused by tropical cyclones and
all days in Sept.—Oct. a) W500 average on extreme precipitation days post-1996 (1996-2016), b) W500 average
on extreme precipitation days pre-1996 (1979-1995), c¢) Difference between post-1996 and pre-1996 W500
averages on extreme precipitation days, and d) Difference between post-1996 and pre-1996 W500 averages on
all days.
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Figure 6. 250 hPa meridional wind (V250, m s™, southerly positive) for extreme precipitation days caused by
fronts.and all days in Jun.—Jul. a) V250 anomalies on extreme precipitation days post-1996 (1996-2016). b)
V250 anomalies on extreme precipitation days pre-1996 (1979-1995). c) Difference between post-1996 and
pre-1996 V250 averages on extreme precipitation days. d) Difference between post-1996 and pre-1996 V250
averages-on all days. Stippling in a) and b) denotes an anomaly greater than one standard deviation calculated
across all days 1979-1995 and 19962016, respectively, while stippling in ¢) and d) indicates a significant
difference between the post-1996 and pre-1996 time series at the 0.05 level using the Mann—-Whitney U test.
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Figure 7. 250 hPa meridional (V250, m s™, southerly positive) and composite winds (W250, m s™) for extreme
precipitation days caused by extratropical cyclones in Feb.—Mar. a) V250 anomalies on extreme precipitation
days post-1996 (1996-2016). b) V250 anomalies on extreme precipitation days pre-1996 (1979-1995). c)
Difference between post-1996 and pre-1996 V250 averages on extreme precipitation days. d) Difference
between-post-1996 and pre-1996 W250 averages on extreme precipitation days. Stippling in a) and b) denotes
an anomaly greater than one standard deviation calculated across all days 1979-1995 and 19962016,
respectively, while stippling in c) indicates a significant difference between the post-1996 and pre-1996 time
seriesat the 0.05 level using the Mann-Whitney U test
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