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Abstract Low-level jets (LLJs) are frequent weather phenomena in many regions of North America and
have profound impacts on precipitation and wind energy. We used a 31 year (1979–2010) three-hourly
reanalysis data set to examine the teleconnection between southerly LLJ activity in North America and the
two dominant patterns of the equatorial Pacific Ocean sea surface temperature anomalies characterized by
El Niño and El Niño Modoki. We show that El Niño and El Niño Modoki exert different effects on the jet
activities, and the results vary by region and by season. Overall, El Niño Modoki affects jet activity all year
round, but El Niño’s influence is limited mostly to the cold season (October–March). El Niño Modoki induces
larger changes in jet frequency, but El Niño’s influence extends to larger regions. A better understanding
of this teleconnection canbe used to improve seasonal predictions of precipitation andwind energy resources
in regions of North America.

1. Introduction

Low-level jets (LLJs), thin narrow streams of fast moving air in the lower troposphere, have been observed
around the globe, including over Africa [Farquharson, 1939; Xiao et al., 2015], Asia [Yu et al., 1983; Du et al.,
2012], Australia [Brook, 1985; Keenan et al., 1989], Antarctica [Andreas et al., 2000], North America [Means,
1952; Uccellini et al., 1987], South America [Virji, 1981; Vera et al., 2006], and the Caribbean [Amador, 1998;
Whyte et al., 2008]. Although LLJs can come from any direction, North America LLJs are predominantly from
the south and are usually referred to as southerly LLJs or simply SLLJs. SLLJs in North America frequently
occur over the Great Plains of the United States [Bonner, 1968; Banta et al., 2002; Walters et al., 2008], the
Mid-Atlantic states [Zhang et al., 2006], the western Gulf of Mexico [Doubler et al., 2015], the Gulf of
California, and southwestern Arizona [Douglas, 1995; Doubler et al., 2015]. By transporting heat and moisture
from the ocean into the continental interior, SLLJs play an important role in the development of severe
weather phenomena like mesoscale convective complexes, squall lines, and tornadoes over the Great
Plains and the Midwest of the United States [Zhong et al., 1996; Ting and Wang, 2006; Walters and Winkler,
2001; Winkler, 2004; Cook et al., 2008; Weaver et al., 2012; Lee et al., 2013]. In addition to severe weather,
SLLJs over North America have also been linked to pollution transport [Corsmeier et al., 1997], wind energy
production [Nunalee and Basu, 2014], bird migration [Liechti and Schaller, 1999; Zhu et al., 2006], and wildland
fires and smoke transport [Charney et al., 2003; Simpson et al., 2013].

SLLJs over North America, particularly the core region in the Great Plains, exhibit considerable diurnal and
seasonal variabilities with much higher frequency at night and in the spring and summer seasons [Bonner,
1968; Mitchell et al., 1995], and a great deal has been learned about the underlying physical mechanisms
for these variations. However, relatively little is known about how and why SLLJs vary at longer (interannual
and decadal) time scales due largely to the lack of long-term data containing vertical wind profiles. As various
global or regional reanalysis products have become widely available in recent years, some progress has been
made toward this understanding. Ting and Wang [2006] found that the variability of the Bermuda High
strength makes a contribution to the interannual variability of the Great Plains SLLJ strength. Wang et al.
[2007] noted that the sea surface temperature (SST) in the tropical North Atlantic Ocean has a strong influ-
ence on the variability of the Caribbean low-level jet. Weaver and Nigam [2008] and Weaver et al. [2012]
showed that extratropical large-scale climate factors over the North Atlantic Ocean, such as the Atlantic
Multidecadal Oscillation and the North Atlantic Oscillation, also play an important role in the modulation
of SLLJ interannual variability. SST in the Pacific Ocean also is an important factor influencing the interannual
and interdecadal variabilities of SLLJ frequency and strength. Song et al. [2005] noted that fewer (more) SLLJs

YU ET AL. LOW-LEVEL JET AND ENSO TELECONNECTION 1

PUBLICATIONS
Earth and Space Science

RESEARCH ARTICLE
10.1002/2016EA000164

Key Points:
• A teleconnection exists between the
North America southerly low-level jet
(sLLJ) activity and El Niño and El Niño
Modoki

• The El Niño and El Niño Modoki exert
different effects on LLJ activity, and
the results vary significantly by region
and by season

• A better understanding of the
teleconnection can be used to
improve seasonal predictions of
precipitation and wind energy in
North America

Correspondence to:
S. Zhong,
zhongs@msu.edu

Citation:
Yu, L., S. Zhong, W. E. Heilman, and X.
Bian (2016), The effect of two types of
El Niño on the southerly low-level jets in
North America, Earth and Space Science,
3, doi:10.1002/2016EA000164.

Received 25 JAN 2016
Accepted 18 JUL 2016
Accepted article online 21 JUL 2016

©2016. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and distri-
bution in any medium, provided the
original work is properly cited, the use is
non-commercial and no modifications
or adaptations are made.

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2333-5084
http://dx.doi.org/10.1002/2016EA000164
http://dx.doi.org/10.1002/2016EA000164
mailto:zhongs@msu.edu


occurred in the southern Great Plains during the major El Niño (La Niña) episodes and the warm (cold) phase
of the Pacific Decadal Oscillation during the 1997–2002 period. The relationships between SLLJs and El Niño-
La Niña appear to be more complicated. Stronger Great Plains SLLJs appear to be related to La Niña during
the July–September period [Weaver et al., 2009; Krishnamurthy et al., 2015], but the relationship is reversed
during the April–June period [Krishnamurthy et al., 2015]. The different phases of El Niño–Southern
Oscillation modulate the different empirical orthogonal function modes of Great Plains SLLJ strength during
the May–July period [Weaver and Nigam, 2008]. In contrast, Harding and Snyder [2015] reported that strong
Great Plains SLLJ events predominantly occur with negative values of the Pacific-North American (PNA)
teleconnection pattern. The above investigations into the relationships between large-scale circulations
and SLLJs in North America facilitate further understanding of the variability of SLLJs and improve seasonal
predictions of SLLJs and the phenomena related to them.

Recent studies have identified two types of El Niño events [Larkin and Harrison, 2005]. One type is the con-
ventional El Niño event with warm (cold) SST anomalies over the tropical eastern (western) Pacific Ocean,
and the other is the El Niño Modoki (pseudo El Niño) event, which is characterized by warm SST anomalies
over the tropical central Pacific Ocean flanked by cold SST anomalies in the eastern and western tropical
Pacific Ocean [Ashok et al., 2007]. These two types of El Niño events have been shown to be associated with
distinct patterns of wintertime temperature and precipitation across the United States [Mo, 2010; Yu and Zou,
2013], different springtime streamflows in the Mississippi River [Liang et al., 2014], and stronger and weaker
summer season 925 hPa meridional wind anomalies over the Great Plains [Liang et al., 2015].

Here we present a comprehensive study on the impact of the two types of El Niño events on SLLJs over North
America. Our study builds on the work of Liang et al. [2015] (hereafter referred to as Liang15) but differs from
it in several important ways, including a more accurate LLJ definition (classical LLJ definition that includes
criteria for both maximum wind and wind shear versus meridional wind anomalies at one pressure level
(925 hPa) in Liang15), larger geographical coverage (most of North America versus Great Plains in Liang15),
longer time coverage (warm and cold seasons versus summer season in Liang15), and higher spatial data
resolution (32 km versus ~ 210 km in Liang15). The improved jet definition and higher data resolution allow
for a more complete depiction of LLJs, and their spatial distributions, which together with the expansion in
spatial and temporal coverage, will further our understanding of the relationships between the two El Niño
types and LLJs over North America.

Given the scientific and socioeconomic implications of a SLLJ, it is necessary for climate models to capture
this phenomenon and its variability. The current study focuses on the SLLJ variability at interannual time
scales and seeks to further our understanding of the potential teleconnection between the interannual varia-
bility of SLLJs over North America and sea surface temperature anomalies over the tropical Pacific Ocean. The
results from the current analyses, which could be replicated by climate models, can be used as a means of
investigating whether climate models are capable of simulating such observed teleconnection patterns
and improve climate predictions of SLLJs over North America.

2. Data and Methods

SLLJs were identified from the 3-hourly vertical wind profiles of the North American Regional Reanalysis
(NARR) [Mesinger et al., 2006] for the period 1979–2010 over a domain (10°N–60°N and 150°W–50°W) encom-
passing most of the North America. The NARR is produced at the National Centers for Environmental
Prediction (NCEP) via the injection of a large amount of available observational data from a variety of sources
into its operational regional forecast Eta model [Mesinger et al., 1988; Janjic, 1994]. The NARR data set has a
horizontal resolution of 32 km, a vertical resolution of 25 hPa/50 hPa (below/above 700 hPa), and a temporal
resolution of 3 h. The NARR vertical wind profiles have been shown to agree reasonably well with those of
rawinsonde soundings at a number of upper air stations over the Great Plains and the upper Midwest
[Walters et al., 2014; Li et al., 2010].

Each 3-hourly NARR vertical wind profile within the study domain and during the study period 1979–2010
was examined for the presence of SLLJs by using the jet criteria described in Walters et al. [2014] and
Doubler et al. [2015]: (1) wind direction from 113° to 247°, (2) a wind speedmaximum of ≥12m s�1 at or below
3000m above ground level (agl), (3) a decrease in wind speed of ≥6m s�1 above the maximum wind level to
the next minimum or to 5000m agl (whichever is lower), and (4) a decreasing wind speed of ≥6m s�1 below
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the maximum wind level. At each grid point in the study domain, a jet frequency is calculated for the warm
(April–September) and cold (October–March) seasons, respectively, by dividing the number of jet profiles by
the total number of vertical wind profiles within that season. A climatology for the jet frequencies is derived
for the warm season and for the cold season by averaging the seasonal mean frequencies over the entire
study period 1979–2010, with anomalies calculated as deviations from the climatology. The anomalies are
regressed to the indices representing the two types of El Niño events.

In this study, the conventional type of El Niño is represented by the Niño3.4 index defined as Pacific sea
surface temperature anomalies in the region bounded by 90°W–150°W and 5°S–5°N [Trenberth, 1997] and
was obtained from National Oceanic and Atmospheric Administration Climate Prediction Center (available
at http://www.cpc.ncep.noaa.gov/data/indices/). The other type of El Niño, which is characterized by anom-
alous warming in the central tropical Pacific Ocean flanked by cooling in the eastern and western tropical
Pacific Ocean [Ashok et al., 2007], is represented in this study by the El Niño Modoki index obtained from
the Japan Agency for Marine-Earth Science and Technology (available at http://www.jamstec.go.jp/frsgc/
research/d1/iod/modoki_home.html.en).

To help explain the relationships between the two El Niño indices and the SLLJ frequencies in North America,
we also examine large-scale atmospheric circulation patterns associated with the two types of El Niño. The
large-scale atmospheric circulation fields were extracted from a global reanalysis data set, in particular the
NCEP-Department of Energy Global Reanalysis 2 [Kanamitsu et al., 2002], which has a horizontal resolution
of T62 (~209 km).

3. Results

To put the spatial patterns of SLLJ climatology and variability in the warm and cold seasons into context, we
first show the spatial pattern of the mean low-level wind fields as represented by the 925 hPa vector winds
averaged over the warm and the cold seasons, respectively, for the 1979–2010 study period (Figure 1).
During the warm season, the mean vector wind field is a reflection of the dominant large-scale pressure
patterns with the Bermuda High over the western North Atlantic Ocean, the Pacific High over the eastern
Pacific Ocean, and a thermal low over the southwestern United States. The anticyclonic circulation around
the Bermuda High produces strong southeasterly to southwesterly flows off the Atlantic coast and a zone
of pronounced southeasterly and southerly flows extending from the Caribbean and the Gulf of Mexico
northward to the Great Plains of the United States. Weak southerly flows also occur off the coast of British
Columbia. During the cold season, the southerly flows off the Atlantic coast, the Gulf of Mexico, and the
Great Plains of the United States weaken as the Bermuda High weakens and retreats and the Canadian
High builds over central North America. However, the strength of the southerly winds off the coast of
British Columbia increases as a result of the Aleutian Low developing over the Gulf of Alaska.

Figure 1. Climatological 925 hPa wind field during (a) the warm season (April–September) and (b) the cold season
(October–March) (b).
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The climatological spatial pattern of the SLLJ frequency (Figure 2) coincides with the regions mentioned
above, where moderate to strong southerly winds prevail at the 925 hPa level. However, strong 925 hPa
winds with southerly components do not necessarily mean the presence of SLLJs; to qualify as a SLLJ, both
maximum wind speed and wind shear above/below the maximum have to exceed the specified criteria.
For both the warm and the cold seasons, SLLJs are most frequent over the Great Plains of the United
States, stretching southward into the Gulf of Mexico and the Yucatan Peninsula (Figure 2). The maximum
frequency of 25–30% is found at the border of southern Texas and the western Gulf of Mexico. Two other
local maxima are found over south-central Texas and over the Oklahoma-Kansas border. Over the western
Gulf of Mexico, there is an area of lower frequency between two high-frequency centers at the Texas border
and over the Yucatan Peninsula. Within the jet core region, the frequency is lower everywhere in the cold
season compared to the warm season. But, there is an increase in cold-season frequency over the western
North Atlantic Ocean and along the border of British Columbia. Compared to the climatology in Liang15
derived from a global reanalysis, the finer horizontal resolution of the NARR data makes it possible to distin-
guish separate centers of high SLLJ activity.

Despite the similar spatial pattern in the climatology of the SLLJ frequencies for the two seasons, significant
seasonal differences exist when the seasonal anomalies are regressed on the Niño 3.4 or the El Niño Modoki
indices (Figure 3). The number of grid points with significant SLLJ anomalies during the El Niño years is 1067
for the warm season and 5989 for the cold season. The numbers during the El Niño Modoki years are 2791 for
the warm season and 1560 for the cold season. During the warm season, El Niño Modoki events have an
opposite effect on the Great Plains jets and the Gulf of Mexico jets, with a significant decrease in the jet
frequencies over the Gulf and a significant increase over the Great Plains and the western Caribbean Sea.
During the cold season, however, El Niño Modoki is associated with a reduction of jet frequencies over all
jet regions (Figure 3b). The influence of El Niño Modoki events is stronger on the warm-season jets than
on the cold-season jets, as reflected by higher values and larger areas where the values are significant at
the 95% confidence level.

In contrast to El Niño Modoki, El Niño’s effects on jet frequencies appear to be stronger in the cold season
than in the warm season when there are no significant anomalies in the core jet regions (Figure 3c). The influ-
ence of El Niño events on cold-season jet frequencies is much stronger compared to the influence of El Niño
Modoki events. In addition to the presence of significant negative anomalies over the western Gulf of Mexico
and southern Texas and similar to the pattern with El Niño Modoki, significant positive anomalies are also
seen over regions in the Northeast, along the Atlantic coast, and over the Caribbean. Significant positive
anomalies are also found off the coast of the Pacific Northwest and over British Columbia.

These differences in the influence of the two types of El Niño on the warm- and cold-season SLLJ frequencies
may be explained, at least partially, by examining the anomalous atmospheric circulation patterns associated

Figure 2. The climatology of the SLLJ frequency of occurrences during (a) the warm season and (b) the cold season.
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with the SST anomalies over eastern (El Niño) or central (El Niño Modoki) tropical Pacific Ocean (Figure 4).
Although the spatial patterns of the SST anomalies are similar between the warm and the cold seasons, there
are considerable seasonal differences in the amplitude of the anomalies, with larger amplitude in the cold
season than in the warm season. The SST anomalies over the tropical Pacific Ocean excite a Rossby wave train
by local diabatic heating, which links variations over tropics to those in extratropics [Hoskins and Karoly, 1981].
Studies have found that different SST anomaly patterns over the tropical Pacific Ocean lead to different wave
trains over the Pacific Ocean and North America that produce different impacts on North American weather
[Weng et al., 2007; Mo, 2010; Wang et al., 2010; Yu et al., 2012; Yu and Zou, 2013; Zou et al., 2014; Ning and
Bradley, 2015]. Yu et al. [2012] suggested that the wintertime (January–March) wave train induced by
El Niño Modoki resembles the positive phase of the Pacific/North American (PNA) teleconnnection [Wallace
and Gutzler, 1981] but that the circulation pattern does not occur during El Niño years. Mo [2010] and Zou
et al. [2014] related the anomalous pattern induced by El Niño to the negative phase of tropical Northern
Hemisphere (TNH) [Mo and Livezey, 1986]. Similar connections are also found in summer (June–August)
[Weng et al., 2007].

An examination of the anomalous 500 hPa geopotential height fields regressed on the Niño3.4 and El Niño
Modoki indices (Figure 5) shows a spatial pattern similar to the positive phase of PNA in the case of
El Niño Modoki and similar to the negative phase of TNH in the case of El Niño. For both cases, the seasonal
differences in the spatial patterns are small. During the warm season, El Niño Modoki induces positive height

Figure 3. The SLLJ frequency anomalies regressed on (a and b) the El Niño Modoki and (c and d) the Niño3.4 indices for the
warm season (Figures 3a and 3c) and the cold season (Figures 3b and 3d). Statistical significant anomalies (p< 0.05) based
on the two-tailed Student’s t test are stippled.
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anomalies over the western North Atlantic Ocean leading to a stronger Bermuda High and a bulging of
the high on the northern end (Figure 5a). An anomalous high is also found over the eastern United States.
Zooming in on North America and on lower (925 hPa) level, an anomalous low-level anticyclone occurs just
off the Atlantic Coast (Figure 6a), with northerly wind anomalies (Figure 7a) decreasing jet activity offshore
(Figure 3a) and southerly wind anomalies (Figure 7a) enhancing jet frequencies in the Great Plains and the

Figure 5. The 500 hPa geopotential height anomalies (gpm) regressed on (a and b) the El Niño Modoki and (c and d) the Niño 3.4 indices for the warm season
(Figures 5a and 5c) and the cold season (Figures 5b and 5d). Statistically significant anomalies (p< 0.05) based on the two-tailed Student’s t test are stippled.

Figure 4. The tropical Pacific Ocean sea surface temperature (SST) anomalies (°C) regressed on (a andb) the El NiñoModoki and (c andd) theNiño3.4 indices for thewarm
season (Figures 4a and 4c) and the cold season (Figures 4b and 4d). Only statistical significant anomalies (p< 0.05) based on the two-tailed Student’s t test are shown.
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Northeast (Figure 3a). The anomalous northerly winds over the Gulf of Mexico and anomalous southerly
winds over the Caribbean Sea (Figure 7a) are consistent with the decreased occurrences of the Gulf jets
and the increased occurrences of the Caribbean jets (Figure 3a).

During the cold season, El Niño Modoki is associated with negative 500 hPa height anomalies over the
eastern North Pacific Ocean and eastern North America and positive 500 hPa height anomalies off the coast
of British Columbia that extends into western Canada and the northwestern United States (Figures 5b and
6b). The negative height anomalies help deepen the troughs over the Hudson Bay, which favors cold
northerly winds over the Great Plains (Figure 7b), and weaken the Bermuda High, which reduces the
southerly-southeasterly winds over the southern Great Plains and the Gulf of Mexico. As a result of the height
anomalies, northerly wind anomalies prevail across central North America extending from southern Canada
into the Gulf of Mexico (Figure 7b), reducing SLLJ activity over the entire region (Figure 3b). Northerly wind
anomalies are also found off the coasts of British Columbia and the Pacific Northwest (Figure 7b), which is
consistent with the reduced SLLJ activity there (Figure 3b). Southerly wind anomalies associated with the
cyclone over the eastern Pacific Ocean (Figure 5b) enhance jet activity in this region (Figure 3b).

Compared to El Niño Modoki, El Niño has a smaller impact on the warm-season large-scale circulations over
North America, with small height anomalies exerting less effect on the Bermuda High. This results in weaker
wind anomalies nearly everywhere except for the region southwest of Hudson Bay, where northerly wind
anomalies due to the anomalous cyclonic (anticyclonic) flows to the east (west) lead to a reduction in
southerly jet activity there. Moderately strong southerly wind anomalies are found over the Caribbean Sea,

Figure 6. The 925 hPa geopotential height anomalies (gpm) regressed on (a and b) the El Niño Modoki and (c and d) the
Niño 3.4 indices for the warm season (Figures 6a and 6c) and the cold season (Figures 6b and 6d). Statistically significant
anomalies (p< 0.05) based on the two-tailed Student’s t test are stippled.
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resulting in an increase in Caribbean jet activity. During the cold season, the anomalous geopotential height
patterns (Figures 5d and 6d) are marked by negative anomalies over the eastern North Pacific that extends to
western Canada, the United States, and the west-central Atlantic Ocean. Positive anomalies are found over
the eastern and central Canada and extend southward to the Great Lakes region. Positive anomalies are also
found over the western tropical Atlantic and Pacific (Figures 5d and 6d). This anomalous height pattern
results in southerly wind anomalies along the Pacific Coast, over the northern Great Plains, south central
Canada, and the Caribbean Sea. Northerly wind anomalies are found along the Atlantic Coast down to the
southern Great Plains and the Gulf of Mexico, which are related to the negative height anomalies over the
eastern United States and the weaker Bermuda High (Figure 7d). The regions with southerly wind anomalies
are co-locatedwith the regions of enhanced SLLJ frequencies (Figure 3d). While the northerly wind anomalies
(Figure 7d) are consistent with the reduced jet frequencies over the southern Great Plains and the Gulf
of Mexico, they do not support the increased SLLJ frequencies along the Atlantic Coast (Figure 3d). The
co-location of the positive SLLJ frequency anomalies and the northerly 925 hPa wind anomalies along the
Atlantic coastal regions suggests that the 925 hPa winds may not be a good indicator for the SLLJs in this
region; an increase or a decrease in the low-level (in this case, 925 hPa) wind speeds may affect jet strength
but not necessarily jet frequency in the Atlantic coastal region during the cold season.

The differences in the effects of the two types of El Niño events on the SLLJ occurrences over North America
are further highlighted by the probability density distribution of the anomalous SLLJ frequencies regressed
on the Niño 3.4 and the El Niño Modoki indices (Figure 8). The probability of the anomalous frequencies to
take on a certain value is estimated by the percentage of the grid points with that value, and only those grid
points that are statistically significant at the 95% confidence level (asterisked grid points) are considered.

Figure 7. The same as Figure 3 but for the 925 hPa wind anomalies.
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There are large differences in the distributions between the two seasons and between the two El Niño types.
The differences in both seasons are significant at the 95% confidence level based on the Kolmogorov-
Smirnov test. For both El Niño types, the cold-season distribution has a single peak, while the warm-season
distribution is bimodal. For both seasons, the distributions associated with El Niño Modoki are broader than
the distributions with Niño 3.4. More specifically, the warm-season frequency anomalies associated with
Niño 3.4 fall essentially within ±1%, with a primary peak at about 0.4% and a secondary peak with half the
magnitude of the primary peak at around �0.4%, indicating that more locations are likely to see an increase
than a decrease in warm-season jet activity during El Niño years. The changes in either case are small. The
warm-season distribution associated with El Niño Modoki is flatter, wider, and skewed slightly toward
negative frequencies, with double peaks of similar magnitude occurring at about 0.4% and �1.25%. This
implies the reduction in warm-season jet activity has a slightly wider spread and is larger inmagnitude during
El Niño Modoki years.

During the cold season, the distribution with Niño 3.4 is predominantly positive with values falling between
0 and 1.5%, peaking at about 0.6%, and having a long tail of very small percentages approaching�4% in the
frequency space. This indicates that during El Niño years when the majority of the grid points experience a
small increase in cold-season jet activity, a small number of grid points (mostly concentrated in southern
Texas and the Gulf of Mexico) see a significant drop in the jet activity. In contrast, the distribution with
El Niño Modoki is overwhelmingly negative, with values decreasing from a peak at �0.4% gradually toward
�4%, further illustrating the negative effects of El Niño Modoki on SLLJ activity in North America.

4. Summary and Discussion

This study examined the teleconnection between SLLJ occurrences over North America and the different SST
anomaly patterns over tropical Pacific Ocean characterized by El Niño (eastern tropical Pacific Ocean) and
El Niño Modoki (central tropical Pacific Ocean). The results show that El Niño Modoki events affect jet activity
during both the warm and the cold seasons. El Niño events do not appear to have a significant impact on
warm-season jet activity, but they have a larger impact on cold-season jets than El Niño Modoki events.
Specifically, during the warm season, El Niño Modoki is associated with decreased SLLJ activity over the
Gulf of Mexico and increased activity over the Great Plains, areas of northeastern United States, southern
Canada, and the Caribbean. During the cold season when El NiñoModoki reduces jet activity in all the regions
mentioned above (especially southern Texas and the Gulf of Mexico), the effects of El Niño on SLLJ activity are
mixed, with a decrease in activity over the southern Great Plains and the Gulf of Mexico, but an increase in
many regions including the Caribbean, the entire East Coast, southern Canada, and the Pacific Northwest
and British Columbia coasts. Overall, El Niño Modoki induces larger changes (positive or negative) in jet
frequencies in both seasons, although El Niño’s influence on cold-season jets extends to larger areas.

Although other recent studies have also examined the potential teleconnection between SLLJs in regions of
North America and SST anomalies over the tropical Pacific Ocean [Krishnamurthy et al., 2015; Liang15], the
current study provides new insight into this relationship as a result of the increased coverage in domain size
and time period and the use of higher-resolution data in the analyses. For example, previous studies focused
only on the Great Plains jets, but the results from the current study revealed that in addition to the Great

Figure 8. The probability distribution of the significant SLLJ frequency anomalies regressed to the Niño 3.4 and the El Niño Modoki indices for (a) the warm season
and (b) the cold season.
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Plains of the United States, SLLJs are frequent in several other regions including the Gulf of Mexico, the
Caribbean, and the coast of British Columbia. The jets in these other regions are affected more significantly
by El Niño and El Niño Modoki. The current results show significantly reduced jet activity over the Gulf of
Mexico during El Niño Modoki events, and given the importance of this region in offshore energy production,
this new understanding could have practical implications.

Previous studies focused on the summer-season jets. By extending the analyses to cold-season jets, the
current study provides insight into the relationships between cold-season jets and the two types of El Niño.
The cold-season jets are found to have a statistically significant connection to both El Niño and El Niño
Modoki events. Furthermore, the NARR-based analysis is superior in horizontal resolution to those derived
from global data sets, allowing for greater details in the spatial jet structure (e.g., the three localized maxima
within the core jet region).

SLLJs are known to greatly impact precipitation by transporting warm and moist air from the Gulf of Mexico
into the central United States, and a change in SLLJ activity may have a substantial effect on the region’s
precipitation. In a recent study, Barandiaran et al. [2013] indicated that in the last three decades the Great
Plains SLLJs have strengthened and migrated northward, leading to increased (decreased) precipitation over
the northern (southern) Great Plains. El Niño Modoki has displayed an increasing trend in its frequency of
occurrence [Ashok et al., 2007], which, according to the established relationship between SLLJs and El Niño
Modoki, may have contributed to the changes in precipitation patterns over the Great Plains in the last three
decades. The northward migration of the SLLJ core associated with El Niño Modoki could potentially affect
where moisture convergence/divergence occur, contributing to drier or wetter than normal conditions in
regions of the central United States [Yu et al., 2012; Basara et al., 2013].

The statistical relationships shown in this and other studies indicate that the pattern of the SST anomalies
over the tropical Pacific Ocean is potentially very useful for predicting the SLLJ-influenced climate over
North America, especially for the El Niño Modoki SST anomaly pattern that has become more frequent in
recent decades. However, it is worth pointing out that the relationships between the SLLJs in North
America and the two types of El Niño are developed based purely on statistical analyses of data covering
relatively short time period. Longer time series and numerical simulations are needed to validate these
relationships. Numerical simulations are also necessary to fully understand the physical mechanisms through
which the SST anomalies over central or eastern tropical Pacific Ocean influence SLLJ in North America.
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