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ABSTRACT: Different influences of the eastern-Pacific (EP) El Niño and central-Pacific (CP) El Niño on nine winter extreme
indices over the eastern and central United States are examined through composite analysis of high-resolution daily maximum
temperature, minimum temperature, and precipitation for the period 1950–2010. During EP El Niño winters, there are usually
more warm days and warm nights, fewer frost days, cold days, and cold nights over the eastern and central United States
than in winters with a CP El Niño, especially for the Ohio Valley, around the Great Lakes, and southern New England. For
precipitation extremes, compared with CP El Niño, EP El Niño usually brings more extreme precipitation amounts, more days
with large precipitation amounts, larger amounts of maximum consecutive 5-day total precipitation, and a shorter duration of
consecutive dry days around the Great Lakes and Ohio Valley. The 500 hPa geopotential height anomalies show that wave
train patterns differ when the maximum tropical sea surface heating locations are displaced. The corresponding wind field and
moisture convergence anomalies are examined to analyse the mechanisms that drive the anomaly fields associated with the
two types of El Niño events.
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1. Introduction

Climate extremes have attracted increasing attention in
current climate studies because of their large impacts on
the economy and society (Easterling et al., 2000; Meehl
and Tebaldi, 2004). The Intergovernmental Panel on Cli-
mate Change (IPCC) Fifth Assessment Report (AR5)
indicates that there is strong evidence that increasing
global mean temperature has led to changes in tempera-
ture extremes since the mid-20th century, and increases
in heavy precipitation with regional differences (Hart-
mann et al., 2013). When using the HadEX2 data set,
Donat et al. (2013) found widespread significant changes
in temperature extremes consistent with warming since
the beginning of the 20th century, and spatially hetero-
geneous trends in precipitation indices, with more areas
with significant increasing trends in extreme precipitation
amount, intensity, and frequency than areas with decreas-
ing trends. These trends of climate extremes are consis-
tent with previous studies on a global scale (Frich et al.,
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2002; Alexander et al., 2006) and over specific regions
(e.g. Goodess et al., 2005; Trenberth et al., 2007; Ning and
Qian, 2009; Seneviratne et al., 2012).

The eastern and central United States encompasses
enormous diversity in geography, climate, ecological
resources, and human land use. It also includes 7 of the
21 regions established for the National Landscape Con-
servation Cooperative (LCC) Program and a large human
population. Regional hydrology, agriculture, fisheries,
and ecosystems will be increasingly compromised in the
future by climate change impacts (Horton et al., 2014).
Consequently, the eastern and central US region poses
many unique challenges for understanding, adapting to,
and mitigating the effects of climate change (Ning et al.,
2015). Previous studies have shown that several prominent
large-scale circulation modes, such as the North Atlantic
oscillation (NAO; Wallace and Gutzler, 1981; Barnston
and Livezey, 1987), Pacific-North American pattern
(PNA; Wallace and Gutzler, 1981; Leathers et al., 1991),
and El Niño–Southern oscillation (ENSO; Trenberth,
1997), have strong influences on both mean climate (e.g.
Rasmusson and Wallace, 1983; Ropelewski and Halpert,
1986; Hartley and Keables, 1998; Kunkel and Angel,
1999; Bradbury et al., 2003; Ning et al., 2012a, 2012b;
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Ning and Bradley, 2014) and climate extremes of this
region (e.g. Bradbury et al., 2002; Wettestein and Mearns,
2002; Brown et al., 2008; Ning and Bradley, 2015). For
example, Griffiths and Bradley (2007) indicate that posi-
tive Arctic Oscillation (AO) is a good predictor of winter
warm nights, while La Niña conditions usually induce
more consecutive dry days in the northeastern United
States.

Recent studies have revealed differences in the types of
El Niño that develop. Some are located over the central
tropical Pacific (CP) region and are distinct from the
conventional eastern Pacific (EP) El Niño (Ashok et al.,
2007; Kug et al., 2009). Kao and Yu (2009) applied a
method combining empirical orthogonal function (EOF)
analysis and linear regression on surface observations and
subsurface ocean assimilation datasets to separate the two
types of El Niño, and found that mechanisms triggering
them are different: EP El Niño events are associated with
basin-wide thermocline and surface wind variation, while
CP El Niño events are more influenced by atmospheric
forcing. Satellite observations suggest that the intensity
of El Niño events in the central equatorial Pacific has
almost doubled in the past three decades, and this is
related to the increasing intensity as well as occurrence
frequency of CP El Niño events since the 1990s (Lee and
McPhaden, 2010). Although some studies argued that the
shift in El Niño could be a part of natural variability in the
tropical climate system (Ashok and Yamagata, 2009; Yeh
et al., 2011), model simulations indicated that projections
of anthropogenic climate change are associated with an
increased frequency of the CP El Niño compared to the
EP El Niño, and this change is related to a flattening of
the thermocline in the equatorial Pacific (Yeh et al., 2009).
When using the CMIP5 models to evaluate the intensity
of the CP and EP types of El Niño, Kim and Yu (2012)
find that the CP-to-EP ENSO intensity ratio is almost
the same in the pre-industrial and historical simulations
but increases in the future representative concentration
pathway 4.5 (RCP4.5) scenario simulations. These results
indicate that under the background of warming, the future
frequency of CP El Niño events will probably increase.

EP El Niño and CP El Niño have different influences on
the climate over the United States. For example, Larkin and
Harrison (2005) compare the weather anomalies over the
United States during the conventional El Niño and CP El
Niño seasons and find positive winter temperature anoma-
lies and precipitation anomalies during conventional El
Niño conditions over the eastern United States. When
examining the interdecadal modulation of the impact of
ENSO on precipitation and temperature over the United
States, Mo (2010) concluded that the more frequent occur-
rence of the CP ENSO in the recent period might explain
decadal differences in the ENSO impact on the hydrocli-
mate over the United States. Those differences include
recent weakened cooling over the south and warming
over the north, and a stronger influence over precipita-
tion anomalies across the southwest, and a weaker influ-
ence over precipitation anomalies in the Ohio Valley. Liang
et al. (2014) also found that CP El Niño and EP El Niño

have opposite effects on spring soil water hydrology in
the Mississippi River Basin, with higher soil water levels
than average during EP El Niño years and lower soil water
levels than average during CP El Niño years. Yu et al.
(2012) used both observations and numerical model results
to investigate the different impacts on US winter temper-
atures from EP El Niño and CP El Niño due to different
wave train responses in the atmosphere to the sea surface
temperature (SST) anomalies associated with the two types
of El Niño, and found that EP El Niño affects winter tem-
perature primarily over the Great Lakes, northeastern, and
Southwestern United States, whereas the impacts from CP
El Niño are primarily over the northwestern and southeast-
ern United States.

However, those previous studies mainly focused on
mean winter temperature and precipitation, and the influ-
ences of EP and CP El Niño on winter climate extremes,
were not fully addressed. In this study, the different
influences of EP and CP El Niño on nine climate extreme
indices over eastern and central United States, and their
corresponding mechanisms, are analysed. The analysis
will improve our understanding of the dynamics of cli-
mate extreme events, and help reduce the uncertainties
of predictions of El Niño impacts on regional climate
extremes, which are highly relevant to a wide range
of inter-disciplinary interests, such as regional water
resources, ecosystems, and environment.

2. Data and methodology

2.1. Data

The study area covers the entire eastern and central United
States (25∘–50∘N and 100∘–68∘W; c.f. Figure 1). The
high-resolution (1/8∘) observed daily maximum tempera-
ture, minimum temperature, and precipitation data used in
this analysis are for the period 1950–2010. This data set
developed by Maurer et al. (2002) covers the whole United
States, and it is based on the observed data from National
Oceanic and Atmospheric Administration (NOAA) Coop-
erative Observation stations.

The winter climate extreme indices are calculated for
December, January, February, and March (DJFM), as
in previous studies (Kunkel and Angel, 1999; Bradbury
et al., 2003) because winter conditions usually persist
through March over the northeastern United States, espe-
cially over the New England area. The monthly gridded
1000–500 hPa geopotential height, u- and v-components
of the wind, omega field, and specific humidity fields
with a resolution of 2.5∘ × 2.5∘ for period 1950–2010 are
used in the composite analysis [from the National Centers
for Environmental Prediction (NCEP) reanalysis data sets
(Kistler et al., 2001)].

2.2. Indices of climate extremes

The nine indices of climate extremes used in this study
are listed in Table 1. These indices are taken from the
dictionary of European Climate Assessment and Dataset
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Figure 1. The differences of the seasonal number of frost days defined as EP El Niño winters – CP El Niño winters (a, unit: day) and the corresponding
percentages (b, unit: %). The stippled indicate the changes significant at the 10% level. The triangle indicates the location used in the probability

distribution function (PDF) calculation in Figure 12.

(ECA&D), which has been commonly used in previ-
ous studies about climate extremes (Frich et al., 2002;
Meehl and Tebaldi, 2004; Alexander et al., 2006). Pre-
cise definitions of the full list of indices are available at
the ECA&D website http://eca.knmi.nl/indicesextremes/
indicesdictionary.php. These nine indices cover a wide
range of inter-disciplinary interests and concerns about
the potential impacts of climate change. For example, the
total number of frost days (Fd) is important in future agri-
cultural decision making. Numbers of cold days have large
impacts on winter electricity consumption. The number of

days with daily precipitation larger than 10 mm (R10mm)
is an important factor when driving hydrological models.

3. Results

3.1. Differences

To examine the different influences from EP El Niño and
CP El Niño on the regional climate extremes, compos-
ite analysis is applied to the nine winter climate extreme
indices. There are usually three different definitions of EP
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Table 1. The definitions and units of the nine climate extreme indices used in this study.

Index Definition Unit

Temperature indices Fd Frost days: number of days with daily minimum
temperature lower than 0 ∘C

Days

Tx90p Warm days: number of days with maximum temperature
higher than 90th percentile of daily maximum temperature

Days

Tx10p Cold days: number of days with maximum temperature
lower than 10th percentile of daily maximum temperature

Days

Tn90p Warm nights: number of days with minimum temperature
higher than 90th percentile of daily minimum temperature

Days

Tn10p Cold nights: number of days with minimum temperature
lower than 10th percentile of daily minimum temperature

Days

Precipitation indices R95pTOT Total precipitation amount due to daily precipitation larger
than 95th percentile of daily

mm

Rx5day Maximum total precipitation over five continuous days mm
R10mm Number of days with daily precipitation larger than 10 mm Days
CDD Maximum length of consecutive dry days Days

Table 2. The years of major EP and CP El Niño events (adapted
from Yu et al., 2012).

El Niño years

EP El Niño 1951/1952, 1969/1970, 1972/1973, 1976/1977,
1982/1983, 1986/1987, 1997/1998, 2006/2007

CP El Niño 1953/1954, 1957/1958, 1958/1959, 1963/1964,
1965/1966, 1968/1969, 1977/1978, 1987/1988,
1991/1992, 1994/1995, 2002/2003, 2004/2005,
2009/2010

El Niño and CP El Niño: (1) the El Niño Modoki index
method using the second EOF mode of the monthly trop-
ical Pacific SST anomalies as El Niño Modoki (Ashok
et al., 2007), (2) the EP/CP-index method using the leading
EOF mode of equatorial Pacific SST anomalies with
Niño1+ 2 index regression removed as CP El Niño and
leading EOF mode of equatorial Pacific SST anomalies
with Niño-4 index regression removed as EP El Niño (Kao
and Yu, 2009), and (3) the Niño3/4 method using Niño-4
index as CP El Niño and Niño-3 index as EP El Niño (Yeh
et al., 2009). In this study, in order to include large sample
size of EP El Niño and CP El Niño winters, we use a defi-
nition based on at least two of the three methods (Yu et al.,
2012) shown in Table 2. For the period 1950–2010, there
are 8 EP El Niño events and 13 CP El Niño events.

Figure 1 shows the differences in the number of winter
Fd between EP El Niño winters and CP El Niño winters,
and corresponding percentages. Over most regions, con-
sistent with more average temperature anomalies during
EP El Niño winters (Larkin and Harrison, 2005), the
differences are negative, indicating there are fewer Fd
during EP El Niño winters, with the larger magnitudes
over the region from the Great Lakes to about 28∘N. Most
of the differences are significant at the 90% level based
on a Student’s t-test (Figure 1(a)). These corresponding
percentages are −5 to −10% over most parts of the region,
with the largest (−25%) around 30∘N (Figure 1(b)). If
compared with neutral winters, which are defined as
the winters with no EP or CP El Niño events, there are

significantly fewer Fd over the north part of the study
region during the EP El Niño winters (Figure S1(a), Sup-
porting Information), while during CP El Niño winters,
there are significantly more Fd over the southeastern
United States (Figure S1(b)). This indicates that the
impacts on the Fd from the two types of El Niño events
are significant.

The differences in cold days (Figure 2(a)) and cold nights
(Figure 2(b)) show similar results to the Fd, with the
patterns shifting slightly to the south. Negative differences
are located over the region south of 43∘N, and there are
positive differences over northern New England, and west
of Lake Michigan. For cold days (Figure 2(a)), the largest
differences are located in the southeastern United States,
with most significant differences located over the coastal
part of this region. For the differences in cold nights
(Figure 2(b)), the magnitudes are usually smaller than
in cold days, but only a few differences are significant.
These results show that during EP El Niño winters, there
are usually fewer cold days and cold nights over most
of the eastern and central United States (∼−15 to 30%),
but more cold days and cold nights over northern New
England and west of Lake Michigan (∼10%). The reason
for non-significance is discussed in Section 3.2.

For the number of winter warm days (Figure 3(a)) and
warm nights (Figure 3(b)), there are positive differences
over nearly the whole region. The magnitude of differences
(corresponding percentages of 20–50%) is larger and more
significant than the cold days and cold nights, indicating
that these two indices are very sensitive to the El Niño
patterns. Noticeably, for warm nights, most of the positive
differences are significant at the 90% level, and this is
distinct from the cold nights.

The spatial patterns of the differences in indices of daily
precipitation extremes between EP El Niño winters and
CP El Niño winters are more complicated. The differences
in the winter amount of extreme precipitation are given
in Figure 4(a). Over regions west of the Great Lakes
(36∘–46∘N, 90∘–100∘W), the New England coastal
region, and the southeastern United States, there are
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Figure 2. The differences of the seasonal number of cold days (a) and cold nights (b) defined as EP El Niño winters – CP El Niño winters (unit: day)
and the corresponding percentages (c and d, unit: %).

significant positive differences with more extreme
precipitation over these regions with magnitudes of
20–50 mm season−1 (corresponding percentages of
30–50%). In contrast, over the region from the Ohio Val-
ley to inland New England, there are negative differences
indicating less extreme precipitation with differences of
−20 to –50 mm season−1 (corresponding percentages of
−20 to −50%). This pattern is similar to the comparison
of mean precipitation anomalies between EP El Niño
winters and CP El Niño winters (Larkin and Harrison,
2005; Mo, 2010). Compared with neutral winters, there is
significantly less extreme precipitation over the Ohio Val-
ley and more extreme precipitation over the surrounding
area during EP El Niño winters (Figure S2(a)). During
CP El Niño winters, there is significantly less extreme
precipitation over most of the study region, especially
over the northwest, and south of the Ohio Valley (Figure

S2(b)). Therefore, the impacts on extreme precipitation
from the two types of El Niño events are significant.

The spatial patterns of differences of R5d (maximum
consecutive 5 day total precipitation) (Figure 5(a)) and
R10mm (daily precipitation totals >10 mm) (Figure 6(a))
are similar to the amount of extreme precipitation but more
spatially homogeneous. For R5d (Figure 5), the positive
differences over the northwest and southeast of the eastern
and central United States are about 15 to 30 mm season−1

(corresponding percentages of 20–50%), indicating that
during EP El Niño winters, the maximum consecutive
5-day total precipitation is usually larger than this during
CP El Niño winters. Over the region from the Ohio Val-
ley to inland New England, the decreases of R5d are about
−15 mm season−1 (corresponding percentages of −20 to
−30%). For R10mm (Figure 6), the region with posi-
tive differences extends to the western part of the Ohio
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Figure 3. The differences of the seasonal number of warm days (a) and warm nights (b) defined as EP El Niño winters – CP El Niño winters (unit:
day) and the corresponding percentages (c and d, unit: %).

Valley, although the magnitudes are only about 1.5 days
and are not significant. Most significant increases are
located west of the Great Lakes (36∘–46∘N, 90∘–100∘W)
and the southeastern United States with magnitudes of
1.5–4 days (corresponding percentages of 20–50%). On
the other hand, the negative differences are mainly located
over the southern part of the Ohio Valley with magnitudes
of 1.5 days, corresponding to −10%.

The spatial pattern of differences in the maximum length
of consecutive dry days (Figure 7) is different from the
previous three indices. Negative differences are located
over much of the domain with magnitudes of−1 to−5 days
(corresponding percentages of −10 to −30%), so during
EP El Niño winters, the maximum length of consecutive
dry days is usually shorter. These negative differences are
significant over the region around the Great Lakes and

some regions of the southeastern United States. In contrast,
over the northwestern part of the domain and the New
England inland region, there are positive differences of
about 1.5–5 days (∼20%), indicating more consecutive
dry days during EP El Niño winters.

3.2. Mechanisms

Previous studies have shown that large changes in both
intensity and frequency of climate extremes can result
from small changes in mean climate variables (e.g. temper-
ature and precipitation), because of the nonlinear relation-
ships between climate means and extremes (Mearns et al.,
1984; Wigley, 1985; Wettestein and Mearns, 2002). There-
fore, in this section, the differences of seasonal mean syn-
optic circulation patterns between EP El Niño winters and
CP El Niño winters, which will result in changes of winter
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Figure 4. The differences of the seasonal amount of extreme precipi-
tation defined as EP El Niño winters – CP El Niño winters (a, unit:

mm season−1) and the corresponding percentages (b, unit: %).

mean maximum and minimum temperature, and precipita-
tion, are first compared through composite analyses. Then,
the responses of daily maximum temperature, minimum
temperature, and precipitation to the seasonal mean states
are examined through the changes in the probability distri-
butions.

3.2.1. Relationships with the large-scale synoptic
circulation

One major mechanism by which El Niño influences the
regional climate over the eastern and central United States
is through the PNA (Wallace and Gutzler, 1981; Leathers
et al., 1991). Previous studies (Horel and Wallace, 1981;
Hoskins and Karoly, 1981) have shown that the exci-
tation of tropospheric Rossby waves by the anomalous
tropical SSTs associated with ENSO is a major dynam-
ical link between the tropics and subtropics. The clima-
tological stationary planetary waves and associated jet
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100°W 90°W 80°W

c

d

b

a

70°W

40°N

50°N

(a)

30°N

100°W 90°W 80°W 70°W

40°N
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Figure 5. The differences of the seasonal amount of maximum consec-
utive 5-day total precipitation defined as EP El Niño winters – CP El
Niño winters (a, unit: mm season−1) and the corresponding percentages
(b, unit: %). The triangles indicate the locations used in the CDFs calcu-

lation in Figure 13.

streams in the northern hemisphere can influence the total
Rossby wave sources, i.e. strong upper tropospheric diver-
gence in the tropics and convergence in the subtropics, and
thus can create preferred teleconnection response patterns,
such as the PNA pattern (Trenberth et al., 1998). Alexan-
der et al. (2002) reviewed this connection in previous
studies augmented by analyses of reanalysis data and
coupled model experiments. They found that observational
and modelling studies have now established a clear link
between SST anomalies in the equatorial Pacific, north
tropical Atlantic, and Indian Oceans in boreal winter and
spring, and atmosphere–ocean coupling in the extratropi-
cal Pacific modifies the atmospheric circulation anomalies
in the PNA region. Straus and Shukla (2000) also showed
that with external forcing, the PNA pattern and its prob-
ability of occurrence are linked to the pattern of tropical
Pacific SST anomalies.
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Figure 6. The differences of the seasonal number of days with daily
precipitation larger than 10 mm defined as EP El Niño winters – CP
El Niño winters (a, unit: day) and the corresponding percentages

(b, unit: %).

Therefore, when the deep convective heating locations
are different during the EP and CP El Niño events (Wang
et al., 2013), the corresponding planetary wave train pat-
terns are also different (Zou et al., 2014). To investigate
this mechanism, Figure 8 compares the 500-hPa geopo-
tential height anomalies of the ordinary high PNA winter,
EP El Niño winters, and CP El Niño winters. The ordinary
high PNA winters are defined as those winters with PNA
indices one standard deviation higher than the long-term
mean excluding the EP El Niño winters, and CP El Niño
winters. For this analysis, the ordinary high PNA win-
ters are 1952/1953, 1960/1961, 1980/1981, 1985/1986,
and 2000/2001 winters. For the ordinary high PNA win-
ters, there is a significant negative anomaly centred over
the northern Pacific, a significant positive anomaly centred
over northwestern North America, and a negative anomaly
centred over southeastern North America (Figure 8(a)).
For EP El Niño winters, the positive anomaly centre is

30°N

100°W 90°W 80°W 70°W

40°N

50°N

(a)

30°N

100°W 90°W 80°W 70°W

40°N

50°N

(b)

Figure 7. The differences of the seasonal maximum length of consecu-
tive dry days defined as EP El Niño winters – CP El Niño winters (a, unit:

day) and the corresponding percentages (b, unit: %).

located more towards northeastern North America, and
the negative anomaly centre located over the Southeast is
shifted towards the Southwest (Figure 8(b)). For the CP
El Niño winters, the positive anomaly centre and nega-
tive anomaly centre over North America extends further
to the east (Figure 8(c)). These differences in 500 hPa
geopotential height anomaly patterns between EP El Niño
winters and CP El Niño winters were also found by Yu
et al. (2012). Compared with ordinary high PNA win-
ters, the positions of the geopotential height anomaly
centres over North America during EP El Niño winters
and CP El Niño winters are dramatically different. This
indicates that when there is external forcing from the
tropical ocean in the form of El Niño, the PNA zonal
wave train pattern over North America changes to a more
meridional wave train pattern. When the thermal heat-
ing is located over the eastern tropical Pacific, the wave
train pattern over North America is northeast–southwest
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Figure 8. The comparison of 500 hPa geopotential height anomalies of ordinary high PNA winters (a), EP El Niño winters (b), and CP El Niño
winters (c) (unit: m). The stippled indicate the changes significant at the 5% level.

(positive–negative geopotential height anomaly) pattern.
On the other hand, when the heating is located over the
central tropical Pacific, the corresponding wave train pat-
tern is northwest–southeast.

These different geopotential height anomaly patterns
during EP El Niño winters and CP El Niño winters will
induce different circulation patterns. Taking 850 hPa level
as an example, during EP El Niño winters, the posi-
tive geopotential height anomaly centred over northeastern

North America induces an anti-cyclonic circulation pat-
tern, which brings northerly wind anomalies over New
England, southerly wind anomalies to the west of the Great
Lakes, and easterly anomalies over the rest of the east-
ern and central United States. (Figure 9(a)). During CP
El Niño winters, the circulation pattern over the eastern
and central United States is mainly cyclonic, controlled
by the negative geopotential height anomaly centre over
southeastern North America, and this cyclonic circulation
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Figure 9. The comparison of 850 hPa wind field anomalies between EP El Niño winters (a) and CP El Niño winters (b) (unit: m s−1).
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Figure 10. The comparison of low-level (1000–500 hPa) omega anomalies between EP El Niño winters (a), and CP El Niño winters (b), and their
differences (EP−CP; c) (unit: 10−2 Pascal s–1). Negative contours are dashed.

induces mainly northern wind anomalies over most part of
the eastern and central United States. (Figure 9(b)). The
temperature advection associated with the wind anomalies
brings lower winter average temperature over most parts
of the eastern and central United States during CP El Niño
winters compared to EP El Niño winters.

To investigate the mechanisms influencing the differ-
ences of precipitation extremes, two aspects that are
highly relevant to the precipitation processes are anal-
ysed here: the vertical velocity and water vapour trans-
port. Mo (2010) showed that the divergence field over the
eastern United States is different during EP El Niño and
CP El Niño events due to the different locations of tropi-
cal ocean thermal heating and corresponding shifts of the
North American jet stream. To investigate this mechanism

in detail, the low-level (1000–500 hPa) average omega
anomalies measuring the vertical velocity during EP El
Niño winters show that there are three centres over the
study region: one negative anomaly centred west of the
Great Lakes, one positive anomaly centred over the Ohio
Valley, and another negative anomaly centred over the
southeastern United States, and only the latter negative
anomalies are statistically significant (Figure 10(a)). Neg-
ative omega anomalies indicate strong upward move-
ment, which induces precipitation, whereas positive omega
anomalies indicate strong downward movement, which
tends to inhibit precipitation. For CP El Niño winters, there
is mainly a significant positive omega anomaly centre over
the region south of Ohio Valley (Figure 10(b)). When com-
paring these two patterns, their differences show a positive
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Figure 11. The comparison of low-level (1000–500 hPa) moisture con-
vergence anomalies between EP El Niño winters (a) and CP El Niño

winters (b) (unit: 10−5 g kg–1 s).

anomaly centred over the Ohio Valley and negative anoma-
lies around the Ohio valley over the southeastern United
States, although only the latter negative anomalies are sta-
tistically different (Figure 10(c)). This difference pattern
may partly explain why there is less precipitation over the
Ohio Valley, but more precipitation over the surrounding
region during EP El Niño winters.

When taking humidity into consideration, the low-level
(1000–500 hPa) moisture convergence anomaly pattern
during EP El Niño winters shows that there is moisture
convergence (negative values) over the region west of
the Great Lakes from the west, and moisture divergence
(positive values) over the region from the east coast to
the Great Lakes (Figure 11(a)). However, during CP El
Niño winters (Figure 11(b)), the moisture convergence
slightly shifts to the east with weaker magnitude, and
moisture divergence extend to the Gulf of Mexico with
larger magnitudes. Therefore, during EP El Niño winters,
there is more moisture over the region west of the Great
Lakes and south of the Appalachian Mountains, but less
moisture over the Ohio Valley.

3.2.2. Responses of daily variables

The probability distributions of daily maximum and min-
imum temperatures (Figure 12) during EP El Niño win-
ters and CP El Niño winters are compared to examine
the responses of the daily variables to the differences of
mean synoptic circulation patterns discussed in the pre-
vious section. Because the differences of the temperature

extremes are fairly spatially homogeneous (Figures 1–3),
one location in the centre of study region was selected to
calculate the probability distributions of daily maximum
and minimum temperature. The location is shown as a tri-
angle in Figure 2(a). For daily precipitation, four locations
(Figure 5(a)) were selected to represent the four major
regions with different responses to EP El Niño winters and
CP El Niño winters.

From Figure 12, it can be seen that during the EP El
Niño winters, the probability distributions of daily maxi-
mum temperature and minimum temperature shift to the
right compared with those during the CP El Niño win-
ters. The average values of daily maximum temperature
and minimum temperature during the EP El Niño winters
are more than 1∘ higher than the average values during
the CP El Niño winters. The widths of the probability dis-
tributions of daily maximum temperature, defined as the
distances between 75 and 25% threshold values, are close
under the two El Niño conditions, indicating that the influ-
ences mainly shift the probability distributions. For the
daily minimum temperature, the width during EP El Niño
winters is smaller than CP El Niño winters, indicating the
influences from EP El Niño not only shift the probability
distribution to the right side but also cluster the daily mini-
mum temperature values in the middle. Therefore, the dif-
ferences of probability distributions can be used to explain
that there are more warm extremes and less cold extremes
during the EP El Niño winters. When applying Student’s
t-tests to both daily maximum temperature and minimum
temperature probability distributions during EP El Niño
winters and CP El Niño winters, their differences are statis-
tically significant (p< 0.01). One interesting point is that
on the left tails, the distributions of the EP El Niño winters
are slightly higher than those of the CP El Niño winters,
and this explains why the differences in cold days and cold
nights are not as significant as warm days and warm nights
(Figures 2 and 3). However, for the Fd, because they are
defined using a certain value (0 ∘C) that is located over
the right half of the daily minimum temperature proba-
bility distributions and covers more than half of the dis-
tribution domain, this slight overlap (<−20 ∘C) does not
influence Fd. Consequently, the differences in the number
of Fd between EP El Niño winters and CP El Niño win-
ters are more significant than the cold days and cold nights
(Figure 1). Moreover, the average of daily maximum tem-
perature during neutral winters is 8.31 ∘C, and this is lower
than the average of EP El Niño winters (8.45 ∘C), and sig-
nificantly higher than the average of CP El Niño winters
(7.39 ∘C) based on Student’s t-test (p< 0.05). For daily
minimum temperature, the average during neutral winters
is −3.2 ∘C, and this significantly lower than the average of
EP El Niño winters (−2.65 ∘C) based on Student’s t-test
(p< 0.05), and significantly higher than the average of
CP El Niño winters (−3.63 ∘C) based on Student’s t-test
(p< 0.05).

Similar analysis of daily precipitation is shown in
Figure 13. To clearly show the details of the probabili-
ties over the large daily precipitation values, cumulative
distribution functions (CDFs) rather than probability
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Figure 13. The comparisons of cumulative distributions of daily precipitation over the four locations between EP El Niño winters (blue solid lines)
and CP El Niño winters (red dashed lines).

distributions are shown here, and all the days without
precipitation are removed. For the region west of the
Great Lakes, the CDF during EP El Niño winters shifts to
the right side with larger average values (Figure 13(a)),
indicating the there are higher possibilities of extreme
precipitation events. For the Ohio Valley, the CDF during
EP El Niño winters slightly shifts to the left side with

smaller average values (Figure 13(b)), indicating lower
possibilities of extreme precipitation events. For the
coastal region over New England and the southeastern
United States, both the CDFs during EP El Niño win-
ters shift to the right side, with larger average values
(Figure 13(c) and (d)), but the difference over the south-
eastern United States is more obvious. These differences
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of the CDFs during EP El Niño winters and CP El
Niño winters show that the response of daily precipita-
tion values to the synoptic circulation patterns leads to
more precipitation extremes over the region west of the
Great Lakes, the coastal region of New England, and
the southeastern United States, and fewer precipitation
extremes over the Ohio Valley, although these CDFs are
not statistically different at p= 0.05 level when applied to
a Kolmogorov–Smirnov test.

4. Conclusion

The different influences of two El Niño circulation types
(eastern and central Pacific El Niño) on nine winter cli-
mate extreme indices of high societal relevance to the east-
ern and central United States were investigated, together
with their corresponding physical mechanisms. Compos-
ite analyses show that over most parts of the eastern and
central United States, during EP El Niño winters, there
are usually more warm days and warm nights, and fewer
Fd, cold days, and cold nights than during CP El Niño
winters. Moreover, during EP El Niño winters, there are
more precipitation extremes (i.e. greater extreme precipita-
tion amounts, more days with large precipitation amounts,
and larger maximum consecutive 5-day total precipitation
amounts) over the region west of the Great Lakes, the
New England coast, and the southeastern United States,
but fewer precipitation extremes over the Ohio Valley. For
the maximum length of consecutive dry days, the relation-
ships are the opposite.

Because the locations of tropical ocean heating are dif-
ferent during the two El Niño conditions, the correspond-
ing wave train patterns on the 500 hPa geopotential height
field are different. During the EP El Niño winters, the wave
train pattern is a northeast-to-southwest positive–negative
geopotential height anomaly, while during CP El Niño
winters, the wave train pattern is northwest-to-southeast.
Both of these two patterns are distinct from the zonal
pattern during ordinary high PNA winters. These wave
train patterns induce cold temperature advection over most
parts of the eastern and central United States during CP
El Niño conditions, but warm temperature advection over
large parts of the region during EP El Niño conditions.
Therefore, the probability distributions of daily maximum
temperature and minimum temperature significantly shift
to the right sides during CP El Niño winters, indicating
higher probabilities of warm extremes and lower probabil-
ities of cold extremes.

A comparison of low-level moisture convergence and
omega anomalies can be used to explain the positive pre-
cipitation anomalies over the region west of the Great
Lakes, the New England coast, and the southeastern
United States, and negative precipitation anomalies over
the Ohio Valley. In these regions with positive precipi-
tation anomalies, the CDFs of daily precipitation values
shift to the right sides, indicating higher probabilities
of precipitation extremes, while in areas with negative
precipitation anomalies the CDF shift slightly to the

left side, indicating lower probabilities of precipitation
extremes.

These findings of different influences on the regional cli-
mate extremes from EP and CP El Niño events, and their
corresponding mechanisms, contribute to better under-
standing of climate extremes over the eastern and central
United States. When applied to future general circulation
model (GCM) simulations, these relationships can help
improve the projections of regional climate extremes and
corresponding mitigations of the socio-economic impacts
from future climate changes.
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