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Abstract Intense precipitation over a short duration is a major cause of flash floods. Using hourly rainfall
data from the North America Land Data Assimilation System Phase 2 from 1979 to 2013, we compared the
differences in the response of the subdaily extreme precipitation occurrences across the contiguous U.S. to
strong anomalous warming over the eastern equatorial Pacific known as El Niño and over the central
equatorial Pacific known as El Niño Modoki. For both types of anomalous equatorial Pacific warming, the
teleconnection is much stronger in the cold season (November through April) than warm season (May
through October). During the warm season, while both types correspond to an increase in subdaily extreme
precipitation in areas of Texas and a decrease in some areas of the northern Plains, El Niño is associated with a
significant increase in the northern Rockies and El Niño Modoki is associated with a decrease in the
Intermountain West. During the cold season, the overall patterns are similar between the two types, with
positive anomalies over much of the southern and negative anomalies over the northern U.S. However, large
regional differences exist, with El Niño exerting a much stronger influence on subdaily extreme precipitation
in the Atlantic and Gulf states as well as California, while the influence of El Niño Modoki is slightly broader
over the Midwest. These differences can be largely explained by the vertical velocity, moisture convergence,
and jet stream patterns induced by El Niño and El Niño Modoki episodes.

1. Introduction

Many areas of the United States (U.S.) are vulnerable to socioeconomic disruptions caused by extreme pre-
cipitation and resulting floods [Easterling et al., 2000; Spierre and Wake, 2010; Stevenson and Schumacher,
2014]. Recent examples include the October 2015 South Carolina flooding resulting from a series of prolific
rainfall events that shattered or surpassed countless records throughout the state causing 17 casualties
and about $12 billion in damage [Leberfinger, 2015; Mizzell et al., 2016], the August 2016 Louisiana flooding
as extreme rainfall of more than 0.6 m fell over many areas sending rivers to record levels [Watson et al.,
2017], and the January–February 2017 California flooding as heavy rainfall associated with atmospheric rivers
[Rosen, 2017] pounded the state threatening the safety of reservoir dams and causing record-setting flooding
and mudslides [Branson-Pott and Hamilton, 2017]. Unfortunately, regions of the U.S. are likely to see more of
these catastrophic flooding events as there has been an increasing trend over the recent decades in both the
frequency and particularly the intensity of extreme precipitation, and this trend is likely to continue into the
future [Karl et al., 1995; Karl and Knight, 1998; Kunkel et al., 1994, 1999, 2003, 2007; Easterling et al., 2000;
Groisman et al., 2005, 2012; Alexander et al., 2006; Pryor et al., 2009; Matonse and Frei, 2013; Muschinski and
Katz, 2013; Horton et al., 2014; Wuebbles et al., 2014; Ning et al., 2015; Yu et al., 2016].

Because of its significant socioeconomic impact, extreme precipitation and its relationships to large-scale
atmosphere-ocean circulations have been the subject of many studies. Several studies have found that the
variability of extreme precipitation in the U.S. is modulated by the interdecadal climate variability modes,
such as the Pacific Decadal Oscillation (PDO), the North Pacific Index (NPI), and the Atlantic Multidecadal
Oscillation (AMO). Over the contiguous U.S., the warm phase of the PDO is associated with an increase in win-
tertime extreme precipitation over the southern U.S. and a decrease in precipitation over the Great Plains, the
Great Lakes, and the Ohio River Valley; the opposite occurs during its cold phase [Zhang et al., 2010]. In the
western U.S., Deflorio et al. [2013] found that during the warm (cold) phase of the PDO, cold-season extreme
precipitation is more (less) intense in the southwestern than in the northwestern U.S. Kenyon and Hegerl
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[2010] suggested that during positive phases of the NPI, the number of heavy precipitation events is reduced
over the Pacific coast, the southwestern U.S., Texas, the High Plains, and Florida and increased over the
Mountain West and the Ohio-Mississippi Basin. Florida and the coastal southeastern U.S. experience an
increase in the intensity of warm-season (cold-season) precipitation during the warm (cold) phase of the
AMO [Curtis, 2008; Teegavarapu et al., 2013; Goly and Teegavarapu, 2014], with the increase in the warm-
season precipitation intensity attributed to an increase in the number of major hurricanes during the AMO
warm phase [Goldenberg et al., 2001].

While the aforementioned decadal-scale, large-scale oscillations contribute to the variability of extreme
precipitation in the U.S., subseasonal to interannual time scale oscillations, such as the El Niño–
Southern Oscillation (ENSO), the North Atlantic Oscillation (NAO), and the Pacific-North American (PNA)
pattern, also have a large influence on the frequency and intensity of extreme precipitation across the
U.S. Several studies [e.g., Goly and Teegavarapu, 2014; Carleton et al., 1990; Griffiths and Bradley, 2007;
Schubert et al., 2008, Larkin and Harrison, 2005] have shown that during El Niño years, wintertime daily
heavy precipitation occurs more frequently over the central Rockies, the Gulf Coast, Florida, the
Southwest, and the central U.S., while the Ohio/Mississippi River Valley and Red River Basin receive less
wintertime extreme precipitation. The pattern is nearly reversed during La Niña years [Gershunov and
Barnett, 1998; Cayan et al., 1999; Becker et al., 2009; Higgins et al., 2010; Schubert et al., 2008; Shang
et al., 2011; Deflorio et al., 2013; Goly and Teegavarapu, 2014]. The relationship between ENSO and sum-
mertime daily extreme precipitation is less significant in many regions of the U.S. except over the
northern Rockies where more (less) summertime extreme events occur during El Niño (La Niña) years
[Becker et al., 2009]. Sun et al. [2015] noted that the effect of ENSO on extreme precipitation in the U.S.
is asymmetric and nonlinear in the central and western U.S., and symmetric in the southern U.S. The non-
linear relationship between ENSO and extreme precipitation is described in more detail by Cannon [2015]
using two nonlinear statistical models. Ning and Bradley [2015a] examined the influence of ENSO, NAO,
and PNA on wintertime extreme precipitation over the Northeast. They found that the wintertime preci-
pitation response to ENSO agrees with the aforementioned studies. During positive phase PNA winters,
more (less) extreme precipitation occurs over the western part of the Northeast (the Ohio River Valley).
During positive phase NAO winters, more (less) extreme precipitation occurs over the southwestern part
(the northern part) of the Northeast. The opposite occurs during the negative phase. But Kenyon and
Hegerl [2010] and Zhang et al. [2010] noted only a weak response of extreme precipitation to the NAO.

Recent studies have identified a new El Niño pattern that is distinct from the conventional El Niño pattern
defined as strong warm sea surface temperature (SST) anomalies in the eastern equatorial Pacific Ocean
[NOAA, 2003]. The new El Niño pattern, also known as El Niño Modoki, is characterized by strong warm SST
anomalies in the central equatorial Pacific Ocean sandwiched by cold SST anomalies over the tropical eastern
and western Pacific Ocean [Ashok et al., 2007; Kao and Yu, 2009]. In the case of El Niño, tropical convection is
enhanced from the International Date Line to the eastern Pacific, and the response of the atmosphere resem-
bles the negative phase of the Tropical Northern Hemisphere (TNH) pattern [Yu et al., 2012]. During El Niño
Modoki episodes, tropical convection is enhanced over the central Pacific with an atmospheric response
pattern similar to the positive phase of the PNA teleconnnection [Weng et al., 2007; Mo, 2010; Yu et al.,
2012; Zou et al., 2014; Yu and Zou, 2013; Zou et al., 2014; Ning and Bradley, 2015a]. Consequently, the impacts
of El Niño and El Niño Modoki on U.S. weather and climate are very different [Mo, 2010; Yu and Zou, 2013;
Liang et al., 2014; Liang et al., 2015].

Several recent studies have examined the different effects of El Niño and El Niño Modoki on temperature
and precipitation over the U.S. [Mo, 2010; Yu and Zou, 2013], hydro-climatology over the Mississippi River
Basin [Liang et al., 2014], and the low-level jet over the central U.S. [Liang et al., 2015]. In a recent study,
Ning and Bradley [2015b] investigated the influence of the two types of El Niño on winter climate
extremes in the eastern and central U.S. using archived daily climate data. Their results show that
compared to the conventional tropical eastern Pacific El Niño, the tropical central El Niño usually brings
less extreme precipitation amounts, fewer days with large precipitation amounts, and smaller amounts
of maximum consecutive 5 day total precipitation around the Great Lakes and Ohio River Valley regions.
In this study, we utilized hourly precipitation data to examine the impacts of the two types of El Niño on
the frequency of subdaily extreme precipitation events during both the warm and cold seasons across the
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contiguous U.S. Intensive rainfall events at the subdaily time scale can cause flash floods [Georgakakos,
1986]. The difficulty in forecasting the locations of these events and the amount of rainfall they produce
can further exacerbate the adverse effects of these short-duration extreme precipitation events [Ahren
et al., 2005]. In a recent study, Yu et al. [2016] examined the trends in the frequencies of subdaily extreme
precipitation events in the U.S. and found increasing trends in the central and eastern U.S. and generally
decreasing trends over most of the western U.S. The current study focuses specifically on the teleconnec-
tions between subdaily extreme precipitation frequencies and SST anomalies in the eastern and in the
central equatorial Pacific Ocean. Together, these and other similar studies will increase our understanding
of the large-scale background climate conditions that are conducive to extreme precipitation events,
which is critical for improving seasonal predictions of extreme precipitation probabilities and associated
flash floods.

2. Data and Methods

Similar to Yu et al. [2016], extreme precipitation events in the contiguous U.S. were identified using hourly
rainfall data from the North America Land Data Assimilation System Phase 2 (NLDAS-2), an atmosphere
and land-surface hydrology data set covering central North America with a 1/8 degree mesh spanning
January 1979 to the present [Cosgrove et al., 2003]. The hourly precipitation data were generated by integrat-
ing a large amount of in situ and remote sensing precipitation data (e.g., the National Oceanic and
Atmospheric Administration (NOAA)-Climate Prediction Center (CPC) daily and hourly rain gauge data
[Higgins et al., 1996, 2000], hourly Doppler Stage II radar precipitation data, satellite rainfall data [Joyce
et al., 2004]) and model reanalysis products (North American Regional Reanalysis [Mesinger et al., 2006]) to
drive an off-line land surface model.

In this study we consider extreme rainfall events spanning 1, 3, 6, 12, and 24 h in the warm (May through
October) season and in the cold (November through April) season. For each of the two seasons, an extreme
rainfall event is defined as an event when the accumulated rainfall amount over the specified time interval
exceeds the 95th percentile of all events of the same duration in that season over 35 years (1979–2013).
During each season, the total number of extreme rainfall events for the given length is used to explore its
relationship with the two types of El Niño. NLDAS-2 precipitation data tend to capture the occurrence of
extreme precipitation events but underestimate precipitation amounts during some very large precipitation
events at some stations [Luo et al., 2003]. But since we are interested in the interannual varibility of the occur-
rences of the extreme precipitation events defined above as local exceedances of the 95th percentile of all
events of the same duration, it is unlikely that the known bias of underestimation in the amount of precipita-
tion will have a significant impact on our results.

In this study, the nonconventional type of El Niño, defined as strong anomalous warming in the central tro-
pical Pacific and cooling in the eastern and western tropical Pacific, is represented by the El Niño Modoki
index obtained from the Japan Agency for Marine-Earth Science and Technology (http://www.jamstec.go.
jp/frsgc/research/d1/iod/modoki_home.html.en). To represent the conventional El Niño characterized by
strong anomalous warming in the eastern equatorial Pacific, SST anomalies in the Niño 3.4 region (bounded
by 170°W–120°W and 5°S–5°N) are used, similar to the methodology adopted by Trenberth [1997], Curtis et al.
[2007], and Cannon [2015], although the Niño 3 region (150°W–90°W and 5°S–5°N) is more representative of
the eastern equatorial Pacific. The Niño3.4 index data were obtained from the NOAA-CPC (http://www.cpc.
ncep.noaa.gov/data/indices/).

The corresponding large-scale atmospheric circulation patterns to El Niño and El Niño Modoki are derived
using the gridded global reanalysis data produced by the National Centers for Environmental Prediction
(NCEP) and the U.S. Department of Energy (DOE). These data have a temporal resolution of 6 h and a horizon-
tal resolution of 2.5° latitude × 2.5° longitude [Kanamitsu et al., 2002; Kalnay et al., 1996]. In addition, the NOAA
Extended Reconstructed SST data set [Smith and Reynolds, 2003, 2004] is also used for identifying the SST
patterns over the Pacific Ocean.

The necessary condition for occurrence of extreme precipitation is a moisture-laden lower atmosphere. Using
the NCEP-DOE global reanalysis, we can derive the vertically integrated low-level moisture fluxes for the
warm or the cold seasons as follows [Dominguez and Kumar, 2005]:
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qu ¼ 1
g

∫
500hPa

1000hPa
qudp (1)

qv ¼ 1
g

∫
500hPa

1000hPa
qvdp (2)

where qu and qv are the zonal and meridional moisture flux components and q, u, and v are the seasonal
mean specific humidity, zonal wind, and meridional wind at each pressure level, respectively.

In this study, we used regression analysis to investigate the effect of the two types of ENSO on U.S. subdaily
extreme precipitation frequency. Apart from a single significant test at each grid point, a field significant test
was also carried out to control the false discovery rate [Wilks, 2006, 2016].

3. Results
3.1. Spatial Patterns

We first discuss the climatological patterns of the number of extreme precipitation events for each of the five
time intervals (1, 3, 6, 12, and 24 h) for the warm and the cold seasons. For each time interval, the warm- or
cold-season climatological pattern, shown in Figure 1, is obtained by averaging the seasonal number of
extreme precipitation events over the 35 year study period. The spatial patterns are substantially different
between the two seasons. However, within each season, the spatial patterns remain very similar while the
number of events decreases as the length increases from 1 to 24 h. Warm-season extreme precipitation
events are much more frequent over the eastern U.S. than over the western U.S., with the highest numbers
occurring in Florida and the lowest numbers occurring in California and the Intermountain West. Localized
areas with large numbers are also found over high-elevation regions, particularly the Rocky Mountains, the
Appalachians, and the Cascades, as convective lifting is enhanced by upslope flows. Cold-season extreme
precipitation occurs predominantly in the Pacific Northwest particularly in western Washington and
Oregon and over the Northern Rockies of Montana and northeastern Idaho. The occurrence of extreme win-
tertime precipitation in this region has been attributed to wintertime atmospheric rivers from the eastern
Pacific Ocean [Neiman et al., 2008]. In addition to the Northwest, the numbers of cold-season extreme preci-
pitation events are also higher in the Great Lakes region and portions of the Northeast, while the numbers are
lower over the central U.S. and the Southwest.

Significant seasonal differences also exist when the seasonal anomalies of the number of extreme precipita-
tion events for each of the 35 warm and 35 cold seasons are regressed onto the time series of the seasonal
Niño 3.4 and the El Niño Modoki indices over the same period (Figures 2 and 3). The warm-season El Niño
regression map (Figure 2) shows significant positive anomalies over the northern Rockies and the southern
Plains, an indication that more than the average number of extreme precipitation events in those areas
occurs during El Niño episodes. Small areas of significant negative anomalies, indicating fewer events, are
found in the northern Great Plains, Arizona, New Mexico, and the Northeast (Figure 2). The areal coverage
of significant anomalies increases as the time interval increases from 1 to 24 h, but the overall response of
the number of warm-season extreme precipitation events to El Niño episodes is weak. In contrast, El Niño
appears to have a larger influence on the occurrences of cold-season extreme precipitation events as indi-
cated by much broader areas with statistically significant anomalies compared to the warm season. There
is a significant increase in the number of subdaily cold-season extreme precipitation events along the Gulf
Coast, the Atlantic Coast, and areas of the Southwest and California. A significant decrease in the number
of extreme precipitation events is found over the Ohio River Valley, Upper Midwest, and the Northwest.

The impact of El Niño Modoki episodes on the occurrence of subdaily extreme precipitation is clearly differ-
ent from that of El Niño in both the warm and cold seasons. Most noticeably, the significant positive relation-
ship between the warm-season extreme precipitation anomalies and El Niño episodes over the northern
Rockies no longer exists for El Niño Modoki. Instead, significant positive connections are found over portions
of Texas and the Southeast. Similar to El Niño, El Niño Modoki also has a stronger influence on the occur-
rences of extreme precipitation in the cold season than warm season. While the two types of El Niño result
in minimal changes in the overall cold-season spatial regression patterns, the increase or decrease in the
cold-season extreme precipitation occurrences is smaller during El Niño Modoki than during El Niño, as
suggested by both smaller magnitude (both positive and negative) and smaller areas covered by
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Figure 1. The 1979–2013 average number of extreme precipitation events for 1, 3, 6, 12, and 24 h duration for the warm
and cold seasons.
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Figure 2. Anomalous warm- and cold-season number of extreme precipitation events with different durations regressed
onto the normalized Niño 3.4 index. The dotted areas are globally significant at above 95% confidence level.
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Figure 3. The same as Figure 2 but for the El Niño Modoki index.
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significant regression coefficients. For
example, there is a statistically signif-
icant increase in the number of cold-
season extreme precipitation events
in the South Atlantic States and
coastal California during El Niño, but
this is not true during El Niño Modoki.

Except for small local differences, the
overall spatial regression patterns
remain nearly the same as the length
of the events increases from 1 to 24 h
for both seasons and both indices.
However, for both seasons, the

number of grid points with statistically significant (both field and global) regressions (dotted grid points in
Figures 2 and 3), indicating an increase in the area of influence, increases with the length of the events for
El Niño but generally decreases for El Niño Modoki (Table 1). The increased influence with duration during
El Niño happened mostly during the warm season when the number of statistically significant points nearly
doubled from 1 h to 24 h duration events. The decreased area of influence during El Niño Modoki occurs
mostly during the cold season when there is a 40% decrease in the number of statistically significant points
from 1 h to 24 h duration. During cold-season El Niño and warm-season El Niño Modoki years, no significant
changes occur with the length of the events. Kunkel et al. [2012] and Catto and Pfahl [2013] noted that most of
extreme precipitation events are associated with fronts. The opposite tendency of change in the number of
significant grid points during different seasons may be related to the sensitivity of warm and cold front-
induced precipitation to temporal scales [Catto and Pfahl, 2013].

From field to global significance (Table 1), the number of significant grid points decrease by 54% in the warm
season and 20% in the cold season during El Niño years when averaged over events of all durations. During El
Niño Modoki years the number is down by about 43% for both seasons. The decreases mainly occur in the
western U.S. for the warm season and in the eastern U.S for the cold season.

3.2. Mechanisms

To elucidate the mechanisms underlying the different responses of the warm- and cold-season extreme
precipitation events in the U.S. to El Niño and El Niño Modoki, we compare the spatial patterns of the
anomalous 500 hPa geopotential heights, 200 hPa winds, and 850-hPa winds and moisture convergence
regressed onto the Niño 3.4 index and the El Niño Modoki index, respectively. Previous studies [e.g., Weng
et al., 2007;Mo, 2010; Yu et al., 2012; Zou et al., 2014] have shown a close link between the anomalous circula-
tion patterns at these levels and the climate of North America.

The regression maps of the warm-season 500 hPa height anomalies (Figures 4a and 4c) show similar spatial
patterns over the North Pacific Ocean and North America. There are some noticeable differences along the
Atlantic Coast where the below-normal heights corresponding to Niño 3.4 are replaced by above-normal
heights with El Niño Modoki, suggesting that the latter is accompanied by a stronger Bermuda High. More
significant differences are found between the spatial patterns for the cold season (Figures 4b and 4d). The
pattern corresponding to Niño 3.4 (Figure 4b) bears resemblance to the negative phase of the TNH pattern
[Mo and Livezey, 1986], with an elongated northwest-southeast oriented center of below-normal heights over
the North Pacific including the Gulf of Alaska; below-normal heights over the southern U.S. the Gulf of
Mexico, and the western North Atlantic; and above-normal heights over the north-central U. S. and much
of Canada. The negative phase of the TNH pattern, which often occurs during El Niño, features increased pre-
cipitation over the southern U.S. especially the Southwest [Weng et al., 2007; Barnston et al., 1991]. The El Niño
Modoki cold-season regression pattern (Figure 4d) shows above-normal heights over much of the western
U.S. and below-normal heights over the eastern and portions of the southern U.S., which resembles the weak
positive phase of the PNA pattern [Yu et al., 2012]. For both indices, stronger SST anomalies over the tropical
Pacific in the cold season produce more significant height anomalies over the North Pacific and North
America than those in the warm season. The spatial patterns are also quite different between the warm
and cold seasons.

Table 1. The Number of Grid Points With Statistically Significant
Regression Coefficients Including Global Significance (Normal Font) and
Without Global Significance (Bold Font) When the Extreme Precipitation
Events of Different Durations Are Regressed Onto the Niño 3.4 (Figure 2)
and El Niño Modoki (Figure 3) Indices

El Niño Years El Niño Modoki Years

Warm Season Cold Season Warm Season Cold Season

1 h 452 1,123 8,379 10,657 1,262 2,257 4,500 7,505
3 h 568 1,236 8,730 10,923 1,252 2,151 3,672 6,520
6 h 614 1,365 9,281 11,406 1,180 2,066 3,027 5,530
12 h 673 1,423 9,668 11,806 1,024 1,885 2,766 4,985
24 h 871 1,765 9,713 11,839 1,244 2,202 2,692 4,815
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Seasonal differences also exist in the 850 hPa wind field regression patterns corresponding to the Niño 3.4
and the El Niño Modoki indices (Figure 5). Corresponding to Niño 3.4, the anomalous warm-season low-level
northerly winds from southern Canada, the anomalous cyclone centered over Indiana and Ohio, and the
anticyclone over Gulf of Mexico (Figure 5a) enhance moisture convergence over the southern U.S. and por-
tions of the Midwest (Figure 6a), thus increasing the extreme precipitation probability in these regions
(Figure 2, left column). Moisture convergence also occurs over the northern Rockies (Figure 6a), consistent
with the positive extreme precipitation anomalies there. The negative anomalies of extreme precipitation
in the north-central U.S. (Figure 2, left column) appear to be associated with anomalous northerly winds
and moisture divergence there (Figure 6a). The cold-season pattern corresponding to Niño 3.4 shows anom-
alous cold and dry northeasterly winds and an anticyclonic cell over Canada and the eastern U.S. (Figure 5b),
producing negative anomalies of extreme precipitation in the Northeast (Figure 2, right column). In contrast,
anomalous warm, moist southwesterly winds and a cyclonic cell over the Southeast (Figure 5b) bring warm
and moisture-laden air from the Atlantic and the Gulf of Mexico to the southern U.S. (Figure 6b), generating
more extreme precipitation there. Anomalous moisture flux convergence also occurs over New Mexico and
Texas States, while anomalous moisture flux divergence mainly occur over the northern U.S. (Figure 6b).

The warm-season 850 hPa wind field correspondence to the El NiñoModoki index features enhanced conver-
gence over the Gulf Coast (Figure 6c) as the anomalous northerly winds extending from central Canada
through the central U.S meet the anomalous southerly winds from the Gulf of Mexico (Figure 5c), a pattern
favorable for extreme precipitation occurrence here (Figure 3, left column). The anomalous anticyclone over
the western Atlantic (Figure 5c) also increases the moisture supply and the frequency of extreme precipita-
tion in the southeastern U.S. (Figures 6c and 3, left column). However, anomalous northerly winds prevail
across most of the western U.S., and the colder, drier air reduces the chance for the occurrences of extreme
precipitation in this region. The cold-season 850 hPa wind field correspondence to the El Niño Modoki index
shows an anomalous anticyclone over the Ohio River Valley and the Midwest (Figure 5d), which tends to
weaken moisture convergence and reduce the chance for extreme precipitation events (Figure 3, right
column). Meanwhile, the anomalous cyclonic cell over the Gulf of Mexico enhances the moisture supply
and convergence along the Gulf Coast (Figure 6d).

Figure 4. Anomalous 500 hPa geopotential height regressed onto the normalized (a and b) Niño 3.4 and (c and d) El NiñoModoki indices for the warm Figures 4a and
4c and the cold seasons Figures 4b and 4d. Globally, significant anomalies (p < 0.05) based on the two-tailed Student’s t test are asterisked.
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Apart frommoisture transport, the atmospheric dynamics that lead to enhanced convection is also an impor-
tant mechanism for extreme precipitation occurrence. Figure 7 shows regression patterns of the vertically
averaged low-level (1000–500 hPa) anomalous omega fields (representing vertical motion) onto the Niño
3.4 index and the El NiñoModoki. The spatial patterns of rising and sinkingmotion correspond quite well with

Figure 5. The same as Figure 4 but for 850 hPa wind field. Globally, significant anomalies (p < 0.05) based on the two-tailed Student’s t test are shaded.

Figure 6. The same as Figure 4 but for low-level (1000–500 hPa) moisture convergence (unit: 10�7 g kg�1 s�1). Positive (red) indicates moisture convergence, and
negative (blue) indicates divergence. Globally, significant anomalies (p < 0.05) based on the two-tailed Student’s t test are asterisked.
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the patterns of increased and decreased extreme precipitation frequency in Figures 2 and 3. The warm-
season regression pattern for the Niño 3.4 index is characterized by anomalous upward motion over much
of the Intermountain West and portions of the Southwest (Figure 7a), which helps lift water vapor to conden-
sation levels, thus increasing the chances for extreme precipitation events. The anomalous sinking motion
over the north-central and northeastern U.S. acts to suppress convection and reduce extreme precipitation
occurrences. For the cold season, ascending motion along the Atlantic coast, portions of the Southeast,
the Southwest, and west-central U.S. (Figure 7b) increase the chances for extreme precipitation events in
these regions. Descending motion produces the opposite effect elsewhere in the U.S. (Figure 7b).

The warm-season omega field regression to the El Niño Modoki index shows strong anomalous rising
motions over the Gulf Coast, the Southeast, and the Mid-Atlantic States, a condition conducive to more
frequent extreme precipitation events (Figure 7c). The predominantly sinking motion over portions of the
central Plains, the Southwest, and the Intermountain West decreases the likelihood of extreme precipitation
in these regions. For the cold season (Figure 7d), sinking motions over the lower Midwest, the Northeast, and
the Ohio River Valley favor less frequent extreme precipitation, while rising motions over the southern states
increase the frequency there. A cell of strong anomalous sinking motion is seen over the Pacific Northwest,
which explains the fewer number of extreme precipitation events across most of the region, except for
western Washington where there are more cases of cold-season extreme precipitation events. This suggests
that vertical motion may play a secondary role compared to moisture convergence (Figure 6d) when it comes
to cold-season extreme precipitation in western Washington.

Catto and Pfahl [2013] and Kunkel et al. [2012] indicated that storm tracks are usually related to extratropical
cyclones with frontal systems and these frontal systems and their associated atmospheric rivers are crucial for
extreme precipitation events. Athanasiadis et al. [2010] suggested that jet stream patterns and related storm
tracks are one of the most important factors affecting U.S. wintertime precipitation variability. Given this find-
ing, we also investigated how El Niño and El NiñoModoki episodes affect cold-season jet stream patterns and
associated cold-season extreme precipitation anomalies that contribute to the wintertime precipitation varia-
bility noted in Athanasiadis et al. [2010]. Figure 8 shows the regression maps of cold-season 200 hPa zonal
winds onto the Niño 3.4 and El Niño Modoki indices. The general patterns are similar between the two,

Figure 7. The same as Figure 4 but for low-level (1000–500 hPa) Omega field (unit: 10�3 Pa s�1). Positive (red) indicates descending motion, and negative (blue)
indicates ascending motion. Globally, significant anomalies (p < 0.05) based on the two-tailed Student’s t test are asterisked.
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with negative wind anomalies (indicating decreased zonal winds) over the north-central U.S. and positive
anomalies over the southern U.S. However, the anomalous winds corresponding to the Niño 3.4 are
stronger than the anomalous wind associated with the El Niño Modoki indices. The stronger zonal winds
over the southern U.S. associated with El Niño lead to a more southern storm track, which generates more
extreme precipitation events in the southern states compared to El Niño Modoki. The reduced zonal winds
in central and northern U.S. and the southward displacement of the storm track lead to a general
reduction in extreme precipitation occurrences over the central and northern U.S. under both conditions.

4. Summary and Discussion

This study examined the relationship between subdaily extreme precipitation occurrences across the contig-
uous U.S. and the different SST anomaly patterns over the equatorial Pacific Ocean associated with El Niño
and El Niño Modoki episodes.

The results show that both El Niño and El Niño Modoki have a strong influence on the frequency of subdaily
extreme precipitation events in the U.S., and the effect is much stronger on the cold-season than the warm-
season frequency. For the warm-season extreme precipitation, statistically significant connections to the two
types of El Niño are only found in small isolated areas. In particular, areas in the northern Rockies show an
increase in frequency during El Niño episodes but not during El Niño Modok episodes. Areas of the
Intermountain West experience a drop in the number of extreme precipitation events during El Niño
Modoki but not during El Niño episodes. However, both produce an increase in subdaily extreme precipita-
tion in areas of Texas and a decrease in some areas of the northern Plains. Cold-season extreme precipitation
is more strongly connected to the two types of El Niño, with statistically significant positive anomalies over
much of the southern U.S. and statistically significant negative anomalies over the northern U.S. Despite
the similarity in the overall spatial patterns, there are large regional differences. Most noticeably, the signifi-
cant positive anomalies over the Atlantic states and California associated with El Niño episodes are not
present during El Niño Modoki episodes, while areas of significant negative anomalies associated with El
Niño expand from the Ohio River Valley westward to the lower Midwest during El Niño Modoki episodes.
Overall, the response of cold-season extreme precipitation occurrences is stronger to El Niño than El Niño
Modoki. These general conclusions apply for extreme precipitation events with a time interval from 1 h
to 24 h.

It is worth mentioning that our results of the impact of El Niño on 24 h extreme precipitation occurrences are
consistent with previous studies using daily data [Gershunov and Barnett, 1998; Cayan et al., 1999; Becker et al.,
2009; Higgins et al., 2010; Schubert et al., 2008; Shang et al., 2011; Deflorio et al., 2013; Goly and Teegavarapu,
2014]. As the length of the precipitation events shortens from daily to subdaily scales, some differences
appear although the overall spatial patterns remain similar. In particular, the area of influence on cold-season
extreme precipitation by El Niño Modoki tends to increase as the length of events decreases from 24 h to 1 h,
but the area of influence on warm-season extreme precipitation by El Niño tends to decrease significantly as
the length of the events shortens. In a recent study of the influence of the two types of El Niño on winter
climate extremes in the eastern and central U.S., Ning and Bradley [2015b] presented a difference map

Figure 8. Anomalous cold-season 200 hPa zonal wind (unit: m s�1) regressed onto the normalized (a) Niño 3.4 and (b) El Niño Modoki indices. Globally, significant
anomalies (p < 0.05) based on the two-tailed Student’s t test are asterisked.
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(Figure 4a) between the composites
of wintertime extreme daily precipi-
tation during the eastern Pacific El
Niño episodes and wintertime
extreme daily precipitation during
the central Pacific El Niño episodes.
For comparison with their results,
we show the difference of the regres-
sion maps of cold-season 24 h
extreme precipitation between El
Niño and El Niño Modoki years
(Figure 9). Similar to their pattern,
the differences are positive (indicat-
ing more events associated with El
Niño episodes) over most of the

Southeast, along the Atlantic Coasts and west of the Great Lakes. Differences are negative (fewer events asso-
ciated with El Niño) extending from the Ohio River Valley to the Northeast. These differences can be
explained by the differences in the strength of jet stream anomalies and the locations of the anomalous antic-
yclonic cell over the eastern U.S. The statistical relationship between the two types of ENSO and subdaily
extreme precipitation in the U.S. can be used to help improve seasonal forecasts of subdaily extreme preci-
pitation frequency based on Pacific SST anomalies.

As shown in previous studies, the planetary wave train pattern associated with El Niño episodes resembles
that of the THN pattern, while the pattern associated with El Niño Modoki episodes is similar to that of the
PNA pattern over the North Pacific and North America. Corresponding to the different wave train patterns,
there are significant differences in the jet stream patterns, low-level wind fields, moisture convergence,
and vertical motion between El Niño and El Niño Modoki years. Together they explain the differences in
the occurrence of subdaily extreme precipitations events in different regions of the U.S.

The statistical relationships shown in this and other studies indicate that the SST anomalies over the tropical
Pacific Ocean are a useful tool for anticipating where in the contiguous U.S. that extreme precipitation occur-
rences are more likely to be above or below normal, especially for SST anomalies associated with El Niño
Modoki episodes that have become more frequent in recent decades [Ashok et al., 2007]. Our results, how-
ever, did not consider the nonlinear response of U.S. extreme precipitation to the two types of ENSO.
Previous studies have shown that there is a nonlinear relationship of precipitation, including extreme preci-
pitation, to conventional El Niño [Wu and Hsieh, 2005, Andrews et al., 2004; Schubert et al., 2008; Cannon, 2015;
and Sun et al., 2015]. The possible nonlinear relationship between subdally extreme precipitation events and
El Niño Modoki remains a topic for future studies. Moreover, it is worth noting that the relationships between
the occurrences of extreme precipitation events in North America and the two types of El Niño, as outlined in
this study, were established using a data set spanning only 35 years, which is a relatively short time period for
comparing extreme precipitation occurrences with El Niño and El Niño Modoki oscillations that have a period
of 2–7 years. The interdecadal climate modes (PDO and AMO) may strengthen or weaken these relationships,
but longer time series are needed to validate these relationships. Numerical simulations are also necessary to
fully understand the physical mechanisms and the atmospheric dynamics through which the SST anomalies
in the central and eastern tropical Pacific Ocean influence extreme precipitation in the U.S. Finally, this study
used Niño 3.4 to represent conventional El Niño following the traditional approach, while Niño 3
(90°W–150°W and 5°S–5°N) may be a better representation of the eastern equatorial Pacific. We repeated
the regression analysis using Niño 3, and the results are similar to those with Niño 3.4.
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