
CLIMATE RESEARCH
Clim Res

Vol. 55: 135–151, 2012
doi: 10.3354/cr01124

Published online December 13

1.  INTRODUCTION

Local and regional temperature and precipitation
anomalies have previously been related to atmo -
spheric teleconnections (e.g. Yarnal & Leathers
1988, Leathers et al. 1991, Assel 1992, Serreze et
al. 1998). However, fully bridging the gap between
atmo spheric teleconnections and local-scale climate
anomalies is a task also requiring knowledge of
the corresponding synoptic- and meso-scale phe-
nomena. With this task in mind, the following
study considered low-level trajectories in an effort
to link together the relationships between atmos-
pheric teleconnections and local-scale climate
anomalies.

Many teleconnection studies focused attention on
the southeastern USA (e.g. Ropelewski & Halpert
1986, 1987, 1989, Rohli & Rogers 1993, Henderson &
Robinson 1994, Yin 1994, Mote 1996, Konrad 1998,
Hardy & Henderson 2003), and the eastern USA (e.g.
Wallace & Gutzler 1981, Wanner et al. 2001, Bradbury
et al. 2002a,b). Generally, national studies have not
found strong correlations between teleconnections
and climate of Michigan or the Great Lakes region,
which has led to a recent deficiency in teleconnection
research for that region. Thus, a detailed regional
study of teleconnections and the potential impact on
Michigan’s climate will likely be beneficial to future
climate research not only of Michigan, but of the
entire Great Lakes region as well.
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Atmospheric teleconnection indices considered were
the North Atlantic Oscillation (NAO), the Pacific/
North American (PNA) pattern, and El Niño/La Niña
(NINO3.4). These teleconnections were selected based
on possible seasonal linkages with temperature and
precipitation suggested in previous studies. While it is
likely that other teleconnections affect Michigan on
seasonal, annual, and decadal time scales, the results
presented here focus on seasonal associations. These
3 frequently documented telecon nections were chosen
in an effort to keep the potential number of telecon-
nection combinations manageable.

During eastern USA winters a strong positive
phase of the NAO (NAO+) is associated with stronger
westerlies and warmer temperatures, and convers -
ely, a negative phase (NAO−) is associated with
weaker westerlies and cooler temperatures (Wallace
& Gutzler 1981, Rogers 1984, Yarnal & Leathers 1988,
Assel & Rodionov 1998, Thompson & Wallace 2001,
Wanner et al. 2001). Assel & Rodionov (1998) and
Assel et al. (2004) also found the NAO to be nega-
tively correlated with ice cover over the Great Lakes.

Wallace & Gutzler (1981) described how a positive
phase of the PNA (PNA+) is as sociated with a pro-
nounced ridge/trough pattern over North America
and cooler temperatures over the eastern USA. In
addition, Yarnal & Leathers (1988), Leathers et al.
(1991), Assel (1992), Serreze et al. (1998), Coleman &
Rogers (2003), and Rogers & Coleman (2004) showed
that PNA+ is related with decreased precipitation in
the Great Lakes region. On the other hand, zonal
flow and above-normal temperatures exist during a
strong negative phase of the PNA (PNA−) (Assel
1992, Rogers & Coleman 2004). Rogers & Rohli (1991)
and Rohli & Rogers (1993) showed an increase in
anticyclones traversing the Great Lakes during the
meridional flow associated with PNA+, while Rodi-
onov (1994) and Angel & Isard (1998) found an in -
crease in cyclone frequency. Despite more cyclones,
Rodionov (1994) pointed out that the majority of
cyclones are of Alberta (Canada) origin, and thus less
moisture and precipitation are usually in volved
because of the continental polar air mass present
over that region. In contrast, during the zonal or
trough/  ridge flow associated with PNA−, cyclones
originate to the west/southwest of the Great Lakes
and such systems result in increased precipitation
amounts (Rodionov 1994). The above PNA studies
tended to focus on cool season months.

Some disagreement exists in the current literature
regarding the effect of El Niño and the Southern Os-
cillation (ENSO) on the climate of the Great Lakes re-
gion. The discrepancies may be due to the fact that

climate anomalies often differ between weak or strong
ENSO phases (e.g. Rodionov & Assel 2000, 2003,
Eichler & Higgins 2006, Aguado & Burt 2012). Hu &
Feng (2001a, 2001b) related increased summer rainfall
in the central USA with El Niño during epochs span-
ning 1871−1917 and 1948−1978. Increased wintertime
temperatures, as well as a decrease in the frequency
of cold-air outbreaks for the Great Lakes, were shown
to be associated with the presence of El Niño (Ger-
shunov & Barnett 1998, Changnon et al. 2000, Rodio -
nov & Assel 2000, 2003, D’Aleo & Grube 2002, Eichler
& Higgins 2006). Eichler & Higgins (2006) also con-
cluded that drier (wetter) conditions are present in the
Great Lakes during El Niño (La Niña) winters, respec-
tively. During the 1997−1998 El Niño event, Changnon
et al. (2000) found warmer and drier winter conditions
for the Midwest, as well as drier conditions during
spring, and cooler and wetter conditions during sum-
mer and autumn. In contrast, Harrison & Larkin (2002)
showed warm  conditions during El Niño winters and
autumns, as well as cool conditions during El Niño
springs, in Lower Michigan spanning 1946−1995. Ro-
dionov et al. (2001) demonstrated a correspondence
between past El Niño events and decreased ice cover
over the Great Lakes. D’Aleo & Grube (2002) claimed
that Midwest summer temperatures are warmer dur-
ing La Niña, while Harrison & Larkin (2002) showed
that La Niña winters and springs in the Midwest are
warmer than usual, while La Niña autumns are
colder. In general, past research suggests that the
 effects of NAO, PNA, and ENSO tend to be greatest
on cool season conditions for the eastern USA.

In addition to using trajectories to relate teleconnec-
tions to local climate, this study also aimed to fill a
void in the current literature regarding the behavior
of interacting (i.e. coexisting) teleconnections. Most
studies have primarily considered teleconnections
indi vidually. The behavior of the NAO during a strong
phase of the PNA and/or ENSO, for example, remains
largely unexplored territory. So far, previous research
has suggested that PNA+ is common during El Niño
periods (e.g. Renwick & Wallace 1996, Rodionov & As-
sel 2000, Coleman & Rogers 2003). Yarnal & Leathers
(1988) showed that while the combined action of the
NAO and PNA is important to the overall climate of
the USA, the 2 patterns are independent of each other
on inter-annual time scales. Rogers (1984) considered
associations between the NAO and ENSO and con-
cluded that these 2 patterns are also independent of
one another. He highlighted the downward trend in
the NAO during the middle part of the last century.
He also concluded that the coexistence of strong
phases of the NAO and ENSO most likely occurred by
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chance. When using NINO3 sea-surface temperatures,
Huang et al. (1998) found a stronger temporal coher-
ence with the NAO. More recently, the Arctic Oscilla-
tion has been considered along with the Pacific
Decadal Oscillation (e.g. Budi kova 2005) and with
ENSO (e.g. Budikova 2008).

It is important to keep in mind that many tele -
connections have been defined and consideration of
them all would quickly create an unmanageable
number of teleconnection combinations. Therefore,
my study does not make a claim that all local  climate
anomalies in Michigan are entirely explained by the
phases of the NAO, PNA, and El Niño/La Niña. The
discussion presented is based solely on the informa-
tion garnered during this investigation, which did not
include all possible variables.

Specific research questions addressed in the following
pages include: (1) Does low-level circulation, as de-
picted by airflow trajectories, differ from the mean
 circulation over Michigan during seasons of strong
single or coexisting teleconnection patterns? (2) Dur-
ing months of anomalous circulation associated with
teleconnections, can relationships be drawn between
the trajectory patterns and local-scale climate? (3) Does
the association of single or coexisting teleconnections
with trajectories and local-scale climate vary by season?

2.  DATA AND METHODS

2.1.  Teleconnection indices

Monthly values of NAO and PNA indices were
obtained from the Climate Prediction Center (CPC)
(ftp.cpc.ncep.noaa.gov/wd52dg/data/indices/tele_
index.nh) and were calculated using a multi-step
approach based on earlier work by Barnston &
Livezey (1987). Values were standardized to give
monthly indices a mean of zero and a standard devi-
ation of 1.0. El Niño/La Niña anomaly values were
obtained from the CPC’s NINO3.4 dataset (www. cpc.
ncep.noaa.gov/data/indices/ersst3b.nino.mth.ascii).

For each month during the 1950−2011 study period,
the NAO and PNA were defined as being in a strong
positive phase (index value ≥1.0), a strong negative
phase (index value ≤−1.0), or a neutral phase (<1.0
and >−1.0) in a similar manner to previous studies
(e.g. Yin 1994, Vega et al. 1998, Englehart & Douglas
2003, Hardy & Henderson 2003, Sheridan 2003). For
NINO3.4, a threshold of ≥0.5 was used to determine
El Niño events and ≤−0.5 was used for La Niña events
(e.g. Higgins et al. 2002). In most cases zero or 1 of the
3 teleconnections was in a strong phase. However, in-

stances of 2 or more teleconnections simultaneously
having a strong positive or negative phase did occur.
Months were categorized as either ‘single teleconnec-
tion’ or ‘coexisting teleconnection’ events and then
classified by which teleconnection index (indices) was
(were) active. With 3 teleconnections and 3 possible
phases for each (negative, neutral, or positive), a total
of 27 teleconnection combinations were possible. Fur-
thermore, months with the same teleconnection com-
bination were grouped into the 4 meteorological sea-
sons: winter (December to February), spring (March
to May), summer (June to August), and autumn (Sep-
tember to November), resulting in 108 potential com-
binations. Of the 108 combinations, many occurred
infrequently or not at all. To ensure a sufficient num-
ber of events for statistical analysis, only those sea-
sonal teleconnection combinations with 10 or more
occurrences were retained. A minimum cutoff of 10
occurrences meant that all teleconnection combina-
tions presented here had a seasonal frequency of at
least 5.0% over the 1950−2011 period.

2.2.  Low-level airflow trajectories and mid-level
height anomalies

Typical low-level seasonal airflow for the study
area was compared to airflow during coexisting tele-
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connections. Trajectories used here
were calculated following a procedure
developed by Shadbolt et al. (2006),
where trajectories were used to iden-
tify air mass source regions for Lower
Michigan. Michigan was chosen be -
cause it experiences large seasonal
variations in temperature and precipi-
tation associated with airflow from
multiple source regions. Five-day back
trajectories to a terminus point located
over central Lower Michigan (Fig. 1)
were used to represent airflow. The
trajectories were calculated 4 times
per day along the 925 hPa isobaric sur-
face using wind fields from the Na -
tional Centers for Environ men tal Pre-
diction (NCEP) and the National Cen -
ter for Atmospheric Research (NCAR)
reanalysis (Kalnay et al. 1996, Kistler
et al. 2001). The 925 hPa trajectory
locations were calculated and archived
in 3-h time steps, referred to as tra -
jectory nodes, with each node having
an associating latitude, longitude, and
date.

For each seasonal teleconnection
combination, trajectory nodes were
assigned to 0.5° × 0.5° grid cells and
the number of nodes within each cell
was counted. Areas of greater node density repre-
sent low-level airflow ‘corridors’ that can be traced
from the terminus point to air mass source regions.
To facilitate comparison between the seasonal clima-
tology and teleconnection combinations, grid cell
densities for both the teleconnection combinations
and for the seasonal climatologies were divided by
the respective maximum possible number of nodes
(i.e. the number of nodes summed across all grid
cells). The resulting grid cell values for the telecon-
nection combinations were then subtracted from the
respective seasonal climatology grid cell values to
determine a deviation value. Anomalies were plotted
by standard deviation, where positive values depict
airflow corridors that have more trajectory nodes
than the seasonal climatology, and negative values
depict airflow corridors that have fewer trajectory
nodes than the seasonal climatology.

Mid-level airflow was represented by 500 hPa
height values. The dataset was also obtained from
the NCEP/NCAR reanalysis. Climatologies of 500 hPa
heights were created for each season. Height anom-
aly values were then calculated for each seasonal

teleconnection combination. Considering low-level
trajectories and mid-level height values provides a
better depiction of both meso- and synoptic-scale
flow associated with the teleconnections.

2.3.  Temperature and precipitation anomalies

To further interpret the associations of teleconnec-
tion combinations, trajectory patterns, and local cli-
mate, monthly temperature and precipitation data for
the local climate division in which the terminus
point is located (Fig. 1) were obtained from the Cli-
mate Diagnostics Center (CDC) (www. esrl. noaa. gov/
psd/  data/ timeseries/). Monthly temperature and pre-
cipitation anomalies were calculated by subtracting
the monthly means for the 1950−2011 period, and
then the anomalies were averaged for each seasonal
 teleconnection combination. A t-test was used to de -
termine whether or not the temperature and pre -
cipitation anomalies associated with each seasonal
teleconnection combination were statistically differ-
ent than zero at alpha (α) values of 0.01 and 0.05.
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Teleconnection Winter Spring Summer Autumn
combination Freq. (%)  N Freq. (%)  N Freq. (%)  N Freq. (%)  N

All neutral 12.9 24 21.5 40 21.0 39 15.1 28
NAO+ 1.6 3 6.5 12 7.5 14 4.8 9
NAO− 3.8 7 9.7 18 5.4 10 3.8 7
PNA+ 4.8 9 3.2 6 5.4 10 5.9 11
PNA− 6.5 12 5.9 11 4.3 8 3.8 7
NINO+ 10.2 19 9.1 17 10.2 19 10.2 19
NINO− 11.3 21 13.4 25 9.7 18 15.6 29
NAO+, PNA+ 0.0 0 0.5 1 1.1 2 1.1 2
NAO+, PNA− 1.1 2 1.1 2 2.7 5 0.5 1
NAO+, NINO+ 2.7 5 1.1 2 3.8 7 4.3 8
NAO+, NINO− 1.6 3 1.6 3 2.7 5 5.4 10
NAO−, PNA+ 1.6 3 1.1 2 2.2 4 0.5 1
NAO−, PNA− 4.3 8 2.2 4 3.2 6 0.0 0
NAO−, NINO+ 6.5 12 2.7 5 2.7 5 5.9 11
NAO−, NINO− 4.3 8 3.2 6 2.7 5 3.2 6
PNA+, NINO+ 2.2 4 3.8 7 1.6 3 3.2 6
PNA+, NINO− 1.1 2 0.5 1 2.7 5 4.3 8
PNA−, NINO+ 0.5 1 0.5 1 2.7 5 2.7 5
PNA−, NINO− 10.2 19 5.4 10 3.8 7 1.6 3
NAO+, PNA+, NINO+ 0.5 1 1.1 2 0.5 1 2.2 4
NAO+, PNA+, NINO− 0.5 1 0.0 0 0.5 1 1.1 2
NAO+, PNA−, NINO+ 1.1 2 0.0 0 0.5 1 0.5 1
NAO+, PNA−, NINO− 1.1 2 2.2 4 1.1 2 1.6 3
NAO−, PNA+, NINO+ 2.2 4 1.1 2 1.1 2 0.0 0
NAO−, PNA+, NINO− 1.6 3 0.5 1 0.5 1 0.5 1
NAO−, PNA−, NINO+ 3.2 6 0.5 1 0.5 1 1.1 2
NAO−, PNA−, NINO− 2.7 5 1.6 3 0.0 0 1.1 2

Table 1. Frequency (%) and number of monthly occurrences of seasonal tele -
connection combinations (occurrences of 10 or more are in bold) during the period
1950–2011. North Atlantic Oscillation (NAO), Pacific/North American (PNA)
 pattern, and El Niño/La Niña (NINO). +/–: positive or negative phase of the tele-

connection (see Section 2.1. for details on phases)
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3.  RESULTS AND DISCUSSION

3.1.  Overview

Maps were produced for all seasonal teleconnec-
tion combinations that had at least 10 occurrences
except for the seasonal combinations when all 3 tele-
connections were in neutral phases. Table 1 high-
lights that the scenario of all 3 teleconnections hav-
ing a neutral phase was the most common. Single
teleconnection combinations (where 1 teleconnec-
tion is strong, but the other 2 are neutral) occurred
with the second-most frequency. Coexisting telecon-
nection combinations with 2 strong and 1 neutral
teleconnection occurred third most frequently. Lastly,
coexisting teleconnection combinations where all 3
teleconnections were strong occurred with the least

frequency. Temperature (Table 2) and precipitation
(Table 3) anomalies are also provided for teleconnec-
tion combinations having a frequency of 5.0% or
greater.

Fig. 2 shows seasonal 925 hPa trajectory and 500 hPa
height climatologies for Lower Michigan. During a
typical winter season (Fig. 2a,b) the 925 hPa back-
trajectory airflow consists of a broad northwesterly
corridor and smaller westerly and southerly corri-
dors. Spring (Fig. 2c,d) shows increased airflow from
the north, particularly originating around Hudson
Bay, as well as a southerly corridor that originates
near the Gulf of Mexico. Summer (Fig. 2e,f) is associ-
ated with a distinct southerly corridor, smaller north-
westerly and northerly corridors, and more trajectory
nodes existing close to the terminus point. Lastly,
autumn (Fig. 2g,h) shows a broad northwesterly cor-
ridor again and a southerly corridor that does not
originate as far over the Gulf. The grid values from
these seasonal 925 hPa trajectory and 500 hPa height
climatologies were used to calculate the airflow
anomaly values for the seasonal teleconnection com-
bination results presented below. Trajectory analyses
for neighboring grid points around the Great Lakes
region spanning 40.0−45.0° N and 82.5−87.5°W were
conducted and resulted in nearly identical results to
those shown in Fig. 2, supporting that the trajectory
results shown here for 42.5° N and 85.0° W are appli-
cable to not just Lower Michigan, but for the sur-
rounding Great Lakes region.

3.2.  Neutral phases

Situations where all 3 teleconnections were in a
neutral phase were by far the most common. Over the
1950−2011 period, the neutral combination oc curred
12.9% of the time in winter, 21.5% of the time in
spring, 21.0% of the time in summer, and 15.1% of the
time in autumn (Table 1). These results indicate that
the neutral combination occurred more frequently in
the warm season than during the cool season. Statisti-
cally significant climate anomalies were not experi-
enced with the neutral combination (maps not shown).

3.3.  Single strong teleconnections

3.3.1.  NAO

NAO+ was most frequent in spring (6.5%)
and summer (7.5%). The spring trajectory pattern
(Fig. 3a) shows fewer-than-average trajectories from
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Teleconnection Temperature (°C)
combination Winter Spring Summer Autumn

All neutral 0.7 0.3 −0.1 0.6
NAO+ 1.7** −0.2
NAO− −2.4** 0.4
PNA+ −0.0 −2.0**
PNA− 0.5 −1.6*
NINO+ 1.2* 0.5 −0.0 −0.3
NINO− −0.0 0.3 0.8** 0.7
NAO+, NINO− 1.0*
NAO−, NINO+ −1.1 −2.0**
PNA−, NINO− 0.6 −0.4

Table 2. Seasonal temperature (°C) anomalies during fre-
quent seasonal teleconnection combinations. Statistically
significant anomalies: *α ≤ 0.05, **α ≤ 0.01. Temperature
anomalies are not provided for seasons of infrequent tele-

connection combinations

Teleconnection Precipitation (mm)
combination Winter Spring Summer Autumn

All neutral −0.7 2.2 2.1 7.1
NAO+ −11.9 0.6
NAO− −8.0 −3.3
PNA+ 6.2 −24.7**
PNA− 3.7 17.0
NINO+ 4.7 −1.2 1.3 6.9
NINO− 9.1 −10.5 −4.7 −7.2
NAO+, NINO− −4.1
NAO−, NINO+ −17.2** −7.2
PNA−, NINO− 12.9* 13.5*

Table 3. Seasonal precipitation (mm) anomalies during fre-
quent seasonal teleconnection combinations. Statistically
significant anomalies: *α ≤ 0.05,**α ≤ 0.01. Precipitation
anomalies are not provided for seasons of infrequent tele-

connection combinations
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Fig. 2. Seasonal 925 hPa trajectory node (left) and 500 hPa height (m) climatologies (right) for Lower Michigan (1950−2011): 
(a,b) winter, (c,d) spring, (e,f) summer, (g,h) autumn
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Fig. 3. Seasonal 925 hPa trajectory anomalies (left) and 500 hPa height (m) anomalies (right) under positive and negative North
Atlantic Oscillation (NAO) phases: (a,b) NAO+ spring, (c,d) NAO+ summer, (e,f) NAO− spring, (g,h) NAO− summer. Red tones
indicate areas of higher trajectory density and blue tones indicate areas of decreased trajectory density compared to the corre-
sponding seasonal trajectory climatology in Fig. 2. Solid contours represent positive height anomalies, while dashed contours 

represent negative height anomalies
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the north and increased flow from the south. The
spring 500 hPa heights (Fig. 3b) are in agreement
with past research, showing the increased pressure
gradient between the Icelandic Low and the Ber -
muda High, and suggesting stronger southerly or
westerly winds at mid-levels over Michigan. The
presence of the strong Bermuda High appears to be
the driving force for the increased flow originating
over the Gulf of Mexico. Increased 500 hPa heights
and the southerly low-level flow corresponded with
warm-air advection and a significant warm tempera-
ture anomaly of 1.7°C (significant at α = 0.01). How-
ever, the precipitation anomaly was insignificant.
NAO+ during summer was also associated with
some minor increases in southerly flow (Fig. 3c) and
higher-than-normal height values (Fig. 3d), but did
not exhibit significant climate anomalies.

NAO− also occurred frequently in spring (9.7%)
and summer (5.4%). Maps for spring (Fig. 3e,f) show
an increase in low-level trajectory frequency to the
north of the terminus point and a decrease in trajec-
tory frequency to the south along with lower-than-
normal 500 hPa height values over the USA. The
much weaker Bermuda High corresponded to a cool
temperature anomaly for spring (−2.4°C; significant
at α = 0.01). Summer trajectories (Fig. 3g) also show
decreased southerly flow, but the increase in northerly
flow is much less obvious. The overall summer 500 hPa
pressure gradient (Fig. 3h) was also much weaker
compared to spring, and no significant climate anom-
alies resulted.

Past literature also supports associations of NAO+
with warmer-than-normal temperatures and increased
frequency of southerly flow over the eastern USA
with no strong relationship to precipitation, while
NAO− is associated with increased frequency of
northerly upper-level airflow and cooler-than-normal
temperatures (Wallace & Gutzler 1981, Rogers 1984,
Yarnal & Leathers 1988, Assel & Rodionov 1998,
Thompson & Wallace 2001, Wanner et al. 2001).
One difference is that most previous studies focused
on the winter season months, whereas here the
strongest NAO associations were actually most com-
mon during spring.

3.3.2.  PNA

Previous studies have usually considered PNA dur-
ing winter months. However, this study instead found
strong phases of PNA+ to be common only during
summer (5.4%) and autumn (5.9%). In the past PNA+
has been found to be weak or non-existent during

summer months; however, some strong index values
were found in this study. Summer low-level trajecto-
ries (Fig. 4a) highlight increased southerly flow lead-
ing into Michigan, although the summer 500 hPa
height gradient (Fig. 4b) bears little resemblance to
the traditional PNA+ pattern, suggesting that, despite
the significant index values, PNA+ plays only a minor
role in summer circulation. This point is further sup-
ported by the fact that no significant climate anom-
alies occurred during summer (Tables 2 & 3). In con-
trast, the autumn season shows the more typical
PNA+ relationships of decreased southerly flow
and increased northerly/northwesterly flow (Fig. 4c),
with 500 hPa heights (Fig. 4d) more clearly depicting
a strengthened ridge over the western USA and a
trough over the eastern USA. The resulting cold tem-
perature anomaly (−2.0°C) and dry precipitation
anomaly (−24.7 mm) were both significant at the α =
0.01 level, suggesting that the northerly/northwest-
erly flow and mid-level convergence downstream of
the ridge were responsible for the cold and dry con-
ditions at the  surface. These autumn results agreed
with previous studies reporting that the PNA+ corre-
sponded to in creased northerly/northwesterly flow,
a decrease in southerly flow, and cool and dry con -
ditions (Wallace & Gutzler 1981, Yarnal & Leathers
1988, Leathers et al. 1991, Rogers & Rohli 1991, Assel
1992, Rohli & Rogers 1993, Rodionov 1994, Serreze et
al. 1998, Coleman & Rogers 2003, Rogers & Coleman
2004).

Unlike PNA+, a strong PNA− occurred most fre-
quently in winter (6.5%) and spring (5.9%). Winter
trajectories (Fig. 4e) show a decrease in northerly
and northwesterly trajectory node frequencies, with
increases of westerly and southwesterly flow. The
winter 500 hPa height anomalies (Fig. 4f) also show
lower values over Canada and higher values over
the southeastern USA, suggesting the possibility of a
trough/ridge presence over the USA and an explana-
tion for the increase in southwesterly low-level flow.
Despite these apparent winter circulation anomalies,
the corresponding temperature and precipitation ano -
malies were not significant (Tables 2 & 3). However,
during spring, some increased trajectory node fre-
quencies were present to the north, west, and south
of the terminus (Fig. 4g). Previous literature has
described how PNA− is associated with more zonal
or westerly/ southwesterly airflow, which could con-
tribute to war mer temperatures and increased pre-
cipitation (Wal lace & Gutzler 1981, Yarnal & Leathers
1988, Leathers et al. 1991, Rogers & Rohli 1991, Assel
1992, Rohli & Rogers 1993, Rodionov 1994, Serreze et
al. 1998, Coleman & Rogers 2003, Rogers & Coleman
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Fig. 4. Seasonal 925 hPa trajectory anomalies (left) and 500 hPa height (m) anomalies (right) under positive and negative Pa-
cific/North American (PNA) pattern phases: (a,b) PNA+ summer, (c,d) PNA+ autumn, (e,f) PNA− winter, (g,h) PNA− spring. 

See Fig. 3 legend for explanation of colors and lines 
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2004). The spring 500 hPa height anomalies in the
present study (Fig. 4h) are in agreement with these
findings, showing a moderate pressure gradient sug-
gesting zonal flow. Heights over Michigan during
spring were lower than normal, however, and were
re flected by the significant cool temperature anom-
aly of −1.6°C (significant at α = 0.05). The springtime
precipitation anomaly was insignificant (Table 3).
The lower height values to the north appear to be
responsible for the increased low-level flow from
the north.

3.3.3.  NINO3.4

NINO+ (El Niño) occurred frequently across all
seasons: winter (10.2%), spring (9.1%), summer
(10.2%), and autumn (10.2%). Trajectory anomalies
for the NINO+ pattern differed throughout the year.
Past  authors have generally agreed that, over the
Midwest, a strong El Niño is related to warmer tem-
peratures and decreased precipitation in the winter
season (Gershunov & Barnett 1998, Changnon et al.
2000,  Rodionov & Assel 2000, 2003, D’Aleo & Grube
2002, Eichler & Higgins 2006). The winter trajectory
map (Fig. 5a) does not exhibit strong patterns, but
does  illustrate fewer-than-normal trajectories origi-
nating to the northwest of the terminus. The winter
500 hPa heights (Fig. 5b) show a more distinct pat-
tern of high values present over Canada. This pattern
is consistent with previous research (Climate Predic-
tion Center 2005, availabe at www.cpc.ncep.noaa.
gov/ products/  analysis_ monitoring/ensocycle/ enso_
cycle. shtml) that suggests a splitting of the polar jet,
with a strong jet present over the southern USA and
a second jet present over  Canada. The ridging pres-
ent over Michigan corresponded to a warm anomaly
of 1.2°C (significant at α = 0.05), although the precip-
itation anomaly was insignificant (Tables 2 & 3). With
regard to other seasons, previous research has cited
colder temperatures and de creased precipitation dur-
ing spring (Changnon et al. 2000, Harrison & Larkin
2002), and cooler/wetter conditions during summer
(Changnon et al. 2000). However, for autumn, Chan -
g non et al. (2000) suggested that cooler/  wetter condi-
tions should be expected, while Harrison & Larkin
(2002) reported that El Niño autumns are warm. In
the present study, although a strong NINO+ existed,
no significant climate anomalies were found for
spring, summer, or autumn (Table 3). The low-level
trajectory and mid-level height maps (Fig. 5c−h) show
variation across the seasons, but generally the 3 sea-
sons all show small 500 hPa height anomalies sug-

gesting a weak pressure gradient and weak winds.
Weak low-level winds are further supported by many
positive trajectory anomalies near the terminus.
These conditions led to temperature and precipita-
tion values close to expected seasonal values.

NINO− (La Niña) also occurred during all seasons
and was frequent 11.3% of the time during winters,
13.4% of springs, 9.7% of summers, and 15.6% of
 autumns. Previous literature suggests warmer and
wetter conditions for Michigan during a La Niña
 winter or spring (Harrison & Larkin 2002, Eichler &
Higgins 2006). In contrast, the present study did
not find any significant climate anomalies in either
season. A decrease in low-level flow from the north-
west for winter is shown in Fig. 6a. La Niña has been
shown to correspond to a strong ridge over the west-
ern USA and a trough over the eastern USA. The
winter 500 hPa heights in Fig. 6b show a similar pat-
tern, but the trough is very weak, which is probably
the reason for the insignificant climate anomalies.
Spring shows a decline in southerly trajectories (Fig.
6c) and weak height anomalies (Fig. 6d), with no sig-
nificant climate anomalies (Tables 2 & 3). Previously,
La Niña has been associated with warmer conditions
during summer (D’Aleo & Grube 2002). The present
study also found a significant warm anomaly evident
in summer (0.8°C; significant at α = 0.01). Summer
low-level trajectories do suggest an increase in
southerly flow (Fig. 6e), although it appears that the
mid-level flow at 500 hPa (Fig. 6f) is not directly
responsible for steering this since the 500 hPa height
values tended to be close to typical seasonal flow.
Low-level (Fig. 6g) and mid-level (Fig. 6h) flows for
autumn were quite similar to summer La Niña condi-
tions, but no significant climate anomalies were
found (Tables 2 & 3). Harrison & Larkin (2002)
reached the same conclusion for precipitation over
the Midwest; however, they did describe cooler-
than-normal conditions for autumn.

3.4.  Simultaneous strong teleconnections

A coexisting NAO+ and NINO− occurred 5.4% of
the time during autumn. NAO+ during autumn was
not described above because it did not occur fre-
quently. However, maps resulting from this combina-
tion (not shown) suggested stronger-than-normal
westerly flow at low and mid levels. As described
previously, Figs. 6g for La Niña showed an in crease
in southerly low-level flow. When considering NAO+
and NINO− together, there is also an increase in
southerly low-level flow in autumn (Fig. 7a). How-
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Fig. 5. El Niño (NINO+) seasonal 925 hPa trajectory anomalies (left) and 500 hPa height (m) anomalies (right): (a,b) winter, 
(c.d) spring, (e,f) summer, (g,h) autumn. See Fig. 3 legend for explanation of colors and lines
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Fig. 6. La Niña (NINO−) seasonal 925 hPa trajectory anomalies (left) and 500 hPa height (m) anomalies (right): (a,b) winter, 
(c,d) spring, (e,f) summer, (g,h) autumn. See Fig. 3 legend for explanation of colors and lines
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ever, in contrast to Fig. 6h for NINO−, there is now a
stronger pressure gradient present over the interior
USA at 500 hPa (Fig. 7b). The ridge present over the
study region corresponded to a significant tempera-
ture anomaly for autumn (1.0°C; significant at α =
0.05). The stronger pressure gradient shows some
similarities to NAO+ flow, although the Icelandic
Low is weaker and the highest anomalies tend to be

over the continent rather than in the vicinity of the
Bermuda High. The presence of the ridge may con-
tribute toward steering the polar jet location to a
more northward location than is typical for NAO+
conditions.

A simultaneous NAO− and NINO+ situation oc -
curred during winter (6.5% frequency) and autumn
(5.9% frequency). NAO− was described above for
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Fig. 7. Combined NAO+ and NINO− anomalies in autumn: (a) 925 hPa trajectory, (b) 500 hPa height (m). See Fig. 3 legend for 
explanation of colors and lines

Fig. 8. Seasonal NAO−, NINO+ 925 hPa trajectory anomalies (left) and 500 hPa height (m) anomalies (right): (a,b) winter, (c,d) 
autumn. See Fig. 3 legend for explanation of colors and lines
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spring (Fig. 3e,f) and summer (Fig. 3g,h). NAO− win-
ters and autumns occurred infrequently (maps not
shown), but also presented increased low-level flow
from the north, decreased low-level flow from the
south, higher-than-normal 500 hPa heights in the
region of the Icelandic Low, and below normal height
values over the eastern USA. Similar conditions were
found when combining NAO− and El Niño
(Fig. 8a−d), suggesting that NAO− tends be play the
larger role when these 2 strong teleconnections
are acting together. Increased northerly flow and
decreased 500 hPa heights corresponded to a dry
anomaly for winter (−17.2 mm; significant at α = 0.01)
and a cold anomaly for autumn (−2.0°C; significant at
α = 0.01). One difference between NAO− alone and
NAO− combined with NINO+ is that a stronger pres-
sure gradient emerges during the coexisting pattern.
Low-level trajectories originating further from the
terminus point also support this, and those 925 hPa
trajectories extending far to the north may be respon-
sible for the cold and dry anomalies.

PNA− and NINO− (La Niña) occurred together in
winter (10.2% frequency) and in spring (5.4% fre-

quency). Although the trajectory and height pat-
terns for PNA− and La Niña (Fig. 9a−d) are quite
similar to those shown for winter PNA− (Fig. 4e,f),
when PNA− was combined with La Niña, a stronger
pressure gradient emerged, similar to when NINO−
was combined with NAO. For both winter and
spring, a strong trough is present over western
North America and higher-than-normal heights are
present over the southeastern USA. For both sea-
sons there is a decrease in northerly low-level flow
and an increase in southwesterly low-level flow.
During spring for PNA− alone, the flow was some-
what more zonal (Fig. 4h), but when combined with
La Niña there is a more distinct trough/ridge pat-
tern. For winter and spring, Michigan was down-
stream of this trough axis placing it in a suggested
area of warm-air advection, a lthough no significant
temperature anomaly was present (Table 2). Possible
mid-level divergence downstream from the trough,
however, may have been responsible for the result-
ing wet precipitation anomalies for winter (12.9 mm;
significant at α = 0.05) and spring (13.5 mm; signifi-
cant at α = 0.05).
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Fig. 9. Seasonal PNA−, NINO− 925 hPa trajectory anomalies (left) and 500 hPa height (m) anomalies (right): (a,b) winter, (c,d) 
spring. See Fig. 3 legend for explanation of colors and lines
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4.  ADDRESSING THE RESEARCH QUESTIONS

(1) Does low-level circulation, as depicted by air-
flow trajectories, differ from the mean circulation
over Michigan during seasons of strong single or
coexisting teleconnection patterns?

Few studies have discussed atmospheric telecon-
nection association with low-level airflow, particu-
larly within the Great Lakes region. Some studies
have presented temperature and precipitation asso-
ciations or have discussed mid-level airflow patterns
across the USA (Wallace & Gutzler 1981, Rogers
1984, Leathers et al. 1991, Assel 1992, Rohli &
Rogers 1993, Serreze et al. 1998, Changnon et al.
2000, Hu & Feng 2001a, 2001b). However, the pres-
ent study also considered low-level airflow trajecto-
ries for Lower Michigan in an effort to relate atmos-
pheric teleconnections with local-scale climate
anomalies of temperature and precipitation. Mid-
level circulation shown here typically resembled cir-
culation described in pre vious teleconnection litera-
ture (see Section 1). As sociations with temperature
and precipitation tended to be most prominent
when low-level trajectories had a similar pattern to
the overlying mid-level flow. However, in other
cases when low-level trajectories differed from mid-
level flow, significant temperature and precipitation
anomalies were less common. Results presented
here indicated that during strong phases of one or
more teleconnections, low-level circulation often
differs substantially from the respective seasonal
airflow climatology, which suggests that teleconnec-
tions should be considered in medium- to long-range
forecasting for the Great Lakes region.

(2) During months of anomalous circulation asso-
ciated with teleconnections, can relationships be
drawn between the trajectory patterns and local-
scale climate?

In most cases the resulting significant temperature
and/or precipitation anomalies coincided well with
the low-level airflow patterns. For many of the tele-
connection combinations, the sign of the temperature
and precipitation anomalies shown in Tables 2 & 3
corresponded to earlier teleconnection analyses for
the Midwest region, such as cold and dry anomalies
during autumn PNA+ conditions.  Statistically signifi-
cant associations provided further support that these
relationships may be causal. Tables 2 & 3 highlighted
the statistically significant anomalies. By grouping
the teleconnection combinations by season, 108 pos-
sible seasonal teleconnection combinations were
possible. Not all 108 situations occurred. In fact, only
25 combinations were present ≥10 times during a

particular season (i.e. a 5.0% seasonal frequency)
throughout the 1950−2011 period. Of all seasonal
teleconnection combinations studied, 8 combinations
were associated with a significant temperature
anomaly, and 4 with significant precipitation anom-
alies. This result is in agreement with previous stud-
ies that teleconnection associations with temperature
tend to be more common than associations with pre-
cipitation (Wallace & Gutzler 1981, Rogers 1984,
Leathers et al. 1991, Assel 1992, Serreze et al. 1998).

The results of the present study showed that
although relationships between local temperature
and precipitation and teleconnection combinations
were apparent, significant relationships did not occur
in all cases. When considering all frequent seasonal
teleconnection combinations, 11 had significant tem-
perature and/or precipitation anomalies, while 14
combinations had neither a significant temperature
nor significant precipitation anomaly. As a result,
consideration of some seasonal teleconnection com-
binations may be more important than others in
medium- and long-range forecasting. In addition, it is
noteworthy that when considering only frequent,
coexisting teleconnections, all 5 seasonal combina-
tions described here had a significant temperature or
precipitation anomaly (Section 3.4).

(3) Does the association of single or coexisting
teleconnections with trajectories and local-scale cli-
mate vary by season?

Not all combinations occurred frequently in all sea-
sons. The resulting airflow, temperature, and precip-
itation anomalies were not always consistent across
the seasons of a particular teleconnection combina-
tion. Significant temperature and precipitation ano -
malies occurred in all seasons. One teleconnection
combination had a significant temperature anomaly
in winter, with 3 in spring, 1 in summer, 3 in autumn.
In terms of significant precipitation anomalies, 2 tele-
connection combinations had significant anomalies
in winter, with 1 in spring, none in summer, and 1 in
autumn. Many more neutral teleconnection combi-
nations occurred during spring and summer com-
pared to autumn and winter. During autumn and
winter months, the likelihood of having one or more
of the NAO, PNA, and NINO3.4 teleconnections in a
strong phase was 86%, while during spring and sum-
mer months the likelihood was 79%. These results
show that the teleconnections were more likely to
have strong values during the cooler months than in
the warmer months of the year, which is in agree-
ment with previous literature (Wallace & Gutzler 1981,
Rogers 1984, 1985, Leathers et al. 1991, Hastenrath
& Greishchar 2001).
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5.  CONCLUDING REMARKS

The study presented here strove to go beyond the
work of previous research by considering combina-
tions of coexisting, strong teleconnections within a
region that has not gained much attention previously
in teleconnection research. Associations between
atmospheric teleconnections, 500 hPa height anom-
alies, and 925 hPa low-level airflow trajectories aided
in explaining temperature and precipitation anom-
alies in Michigan for seasons of single and coexisting
teleconnection combinations. This study supports
the consideration of teleconnection combinations in
future studies in order to more accurately understand
observed or modeled climate anomalies. It is my
hope that the methods presented here can be used
for future climate research, since other teleconnec-
tion indices and geographical areas remain open to
exploration.
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