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Abstract. The Pacific–North American (PNA) teleconnec-
tion is one of the most important climate modes in the
present climate condition, and it enables climate variations
in the tropical Pacific to exert a significant influence on
North America. Here, we show climate simulations in which
the PNA teleconnection was largely distorted or broken at
the Last Glacial Maximum (LGM). The distorted PNA is
caused by a split in the westerly jet stream, which is ulti-
mately forced by the large, thick Laurentide ice sheet that
was present at the LGM. Changes in the jet stream greatly
alter the extratropical waveguide, distorting wave propaga-
tion from the North Pacific to North America. The distorted
PNA suggests that climate variability in the tropical Pacific,
notably El Niño–Southern Oscillation (ENSO), would have
little direct impact on North American climate at the LGM.

1 Introduction

The Pacific–Northern American (PNA) teleconnection is the
major atmospheric teleconnection mode that links climate
variations in the tropical Pacific to climate in North America
for the present-day climate state (Horel and Wallace, 1981;
Wallace and Gutzler, 1981). Climate variability associated
with El Niño–Southern Oscillation (ENSO) exerts an espe-
cially great influence on North American climate through the
PNA teleconnection (Henderson and Robinson, 1994; Lau,
1997; Leathers et al., 1991; and Straus and Shukla, 2002). It
is well known that the PNA is largely constrained by extrat-

ropical atmospheric flows, notably the extratropical waveg-
uide (Held, 1983; Held et al., 2002; Hoskins and Karoly,
1981; and Jin and Hoskins, 1995). Thus, changes in extra-
tropical atmospheric flows should alter the PNA under dif-
ferent climate conditions.

It has been shown that greenhouse warming leads to a
strengthening and shift in the PNA due to altered extrat-
ropical atmospheric flows (Allan et al., 2014; Chen et al.,
2017). There has also been a large body of work that demon-
strates significant differences in extratropical atmospheric
circulations in cold climates, notably the Last Glacial Max-
imum (LGM). It was shown that during the LGM the Aleu-
tian low pressure system was enhanced in winter, the Pa-
cific high pressure system was weakened in summer (Yanase
and Abe-Ouchi, 2007, 2010), the westerly jet shifted south-
ward (Braconnot et al., 2007; Otto-Bliesner et al., 2006), and
transient waves were weakened over the North Pacific and
strengthened over the North Atlantic (Justino and Peltier,
2005; Justino et al., 2005). These works suggest that the PNA
could change in different climate regimes. Therefore, a nat-
ural question is whether the PNA is also significantly altered
due to atmospheric circulation changes during the LGM.

The LGM occurred between 23 000 and 19 000 years ago
(Clark et al., 2009; Clark and Mix, 2002). One of the most
significant climatic characteristics of the LGM is the max-
imum expansion of midlatitude ice sheets. Extensive ice
sheets grew over North America and northwestern Europe,
with the Laurentide ice sheet over North America, in partic-
ular, having an ice thickness of 3 to 4 km (Marshall et al.,
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2002). Early simulations have shown that the large, thick
Laurentide ice sheet forced the extratropical westerly jet
stream to split into northern and southern branches (Cohmap,
1988; Kutzbach and Wright, 1985; and Rind, 1987), and
the jet split led to regional climate changes over the globe,
especially over North America. Proxy records show that
there were more storms and precipitation associated with
the southern branch, causing high lake levels and increased
woodland areas in the southwestern United States (Cohmap,
1988; Kutzbach and Wright, 1985).

Recent modeling studies have shown that the Arctic Oscil-
lation and storm tracks at the LGM differ significantly from
the present (Justino and Peltier, 2005; Laîné et al., 2009; Li
and Battisti, 2008; Lü et al., 2010; and Rivière et al., 2010),
and the Laurentide ice sheet could influence the Southern
Hemisphere atmospheric teleconnection and climate vari-
ability in West Antarctica (Jones et al., 2018). Therefore, it is
possible that changed atmospheric circulations at the LGM
might also significantly alter the PNA and thus the climatic
linkage between the tropical Pacific and North America.

In the present paper, using climate simulation results, we
show that the PNA was largely distorted or even broken by
the Laurentide ice sheet at the LGM, and ENSO had little
direct impact on North American climates. We will also ad-
dress how the PNA was altered by the Laurentide ice sheet.

2 Models and data

The simulation results from the Paleoclimate Modeling Inter-
comparison Project 2 (PMIP2) (Braconnot et al., 2012, 2007)
and 3 (PMIP3) (Abe-Ouchi et al., 2015) are utilized in this
study. By comparing the PNA patterns in the preindustrial
condition (PIC) with LGM simulations, as well as our own
sensitivity simulations, the changes in the PNA pattern at the
LGM are identified. The horizonal resolution of the models
we use are listed in Table S1 in the Supplement. For compar-
ison, we also use the NCEP/NCAR Reanalysis 1 data from
1988 to 2017 (Kistler et al., 2001), with a horizontal resolu-
tion of 2.5◦

× 2.5◦. We shall mainly focus on the simulation
results from the Community Climate System Model version
3 (CCSM3) (Collins et al., 2006; Jones et al., 2018; Otto-
Bliesner et al., 2006; and Yeager et al., 2006), since our sen-
sitivity simulations are performed with the same model.

To understand the impact of the topography of glacial ice
sheets in the Northern Hemisphere on the PNA, we per-
formed a series of sensitivity simulations with different ice
sheet thicknesses, which are 0 %, 20 %, 40 %, 60 %, 80 %,
100 % and 150 % of the ice sheet thickness that was used
in PMIP2. Note that different ice sheet reconstructions were
used in PMIP2 and PMIP3 simulations. PMIP2 simulations
used the ICE-5G (VM2) reconstruction (Peltier, 2004), while
PMIP3 simulations used the ICE-6G reconstruction. In gen-
eral, the ice sheet thickness used in the ICE-6G reconstruc-
tion is approximately equal to 80 % of the value used in ICE-

5G for most parts of the North American region (Fig. S1
in the Supplement). In our sensitivity simulations, the case
of 0 % ice sheet thickness means that the thickness of the
ice sheet is set to zero, but the surface albedo value remains
the same as the ice albedo value. All other conditions are
the same as those in LGM simulations using the PMIP2
model . The model for our sensitivity simulations is a lower-
resolution version of CCSM3 (T31), with a horizontal reso-
lution of 3.8◦

×3.8◦. It differs from the PMIP2 models (T42)
with a horizontal resolution of 2.8◦

×2.8◦. Although the hor-
izontal resolution in CCSM3 T31 is lower, it can reproduce
the present-day PNA pattern in the PIC simulation well, con-
sistent with the results in Magnusdottir and Haynes (1999)
and Löfverström et al. (2016). Therefore, the results here are
not sensitive to model resolutions.

Following Horel and Wallace (1981) and Wallace and Gut-
zler (1981), the PNA teleconnection is characterized by the
pointwise correlation method. The four base points that rep-
resent the centers of action are located near Hawaii (20◦ N,
160◦ W), the North Pacific (45◦ N, 165◦ W), Alberta (55◦ N,
115◦ W) and the Gulf Coast (30◦ N, 85◦ W). The four base
points were objectively derived using a teleconnectivity anal-
ysis (Sherriff-Tadano and Itoh, 2013; Wallace and Gutzler,
1981). To examine whether models can reasonably simulate
the PNA in PIC simulations and whether the PNA pathway
is altered in LGM simulations, we loosely define a circular
region, with a radius of 10◦, around three of the centers, the
North Pacific, North America and the Gulf Coast (the base
point is near Hawaii). For PIC simulations, if a model can-
not generate statistically significant correlations (coefficients
greater than 0.35) within the circular regions, the model is
considered to have had a poor performance while simulat-
ing the PNA. For the models with a good performance while
simulating the PNA in their PIC simulations, if their LGM
simulations show an absence of significant correlations in the
three circular regions, the PNA pathway is considered to be
distorted or broken at the LGM. Because the PNA is most ac-
tive in December–January–February (DJF), our analysis be-
low will mainly focus on the DJF season.

In the present paper, all correlation analyses are conducted
with monthly-mean model outputs for simulations of the last
30 years. A correlation coefficient 0.35 corresponds to the
95 % confidence level for 30-year correlations.

3 Results

Figure 1 shows one-point correlation maps of 500 hPa geopo-
tential heights in DJF, with the base point near Hawaii. The
correlation maps in Fig. 1a and b exhibit similar wave-train
patterns, with negative correlations, followed by centers of
positive correlations, and finishing with negative correla-
tions, extending from Hawaii to the North Pacific, Alberta
and the Gulf Coast. Hence, the present-day PNA is repro-
duced reasonably well in CCSM3. In contrast, this PNA pat-
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Figure 1. One-point correlation maps of 500 hPa geopotential heights in DJF from NCEP/NCAR reanalysis and PMIP2 CCSM3 simulations.
(a) NCEP/NCAR, (b) PIC and (c) LGM. The base point is near Hawaii. The correlation coefficient of 0.35 corresponds to the 95 % confidence
level for 30-year correlations.

tern is altered dramatically in the LGM simulation using
CCSM3 (Fig. 1c). The negative correlation over the North
Pacific is reduced, and the center of positive correlation is
rather weak and shifted to the Arctic. The most striking fea-
ture in Fig. 1c is that the center of negative correlation near
the Gulf Coast completely disappears. The results in Fig. 1
indicate that the PNA teleconnection is largely distorted at
the LGM. This is the most important point of the present pa-
per.

This distorted PNA at the LGM can also be seen from
correlation maps of the other three base points. When the
base point is located over the North Pacific (Fig. S2c), the
center of positive correlation over North America is shifted
to northern Canada. For the base point over North America
(Fig. S2f), the negative correlations over the North Pacific
and the Gulf Coast are all largely reduced, and the center of
positive correlation near Hawaii disappears. This result indi-
cates a disconnection between North America and the tropi-
cal Pacific. For the base point near the Gulf Coast (Fig. S2i),
a wave train is established from the North Pacific to the Gulf
Coast, while the center of positive correlation over North
America is largely reduced, and the center of positive cor-
relation near Hawaii is absent.

The PNA teleconnection at the LGM is completely bro-
ken in other PMIP2 models. There are seven PMIP2 models
that have simulations available online. According to our def-
inition, CCSM3, ECBILTCLIO, HadCM3M2 and CNRM-
CM33 can reasonably reproduce the PNA in their PIC sim-
ulations (Figs. 1b and S3a–c), whereas IPSL-CM4-V1-MR,
FGOALS-1.0g and MIROC3.2 had a poor simulation per-
formance. In LGM simulations, the center of negative cor-
relation over the North Pacific still exists in ECBILTCLIO,
HadCM3M2 and CNRM-CM33 (Fig. S3d–f), although the
centers in these models all shift away from the North Pa-
cific base point and are largely reduced. However, the center
of positive correlation over North America completely dis-
appears in these plots. Moreover, the center of negative cor-

relation near the Gulf Coast also disappears in these three
models.

PMIP3 simulations are also used to demonstrate the
changes in the PNA teleconnection at the LGM. There are
eight PMIP3 models that have LGM simulations available
online. Again, according to our definition, CCSM4, MRI-
CGCM3 and MIROC-ESM can reasonably reproduce the
PNA in their PIC simulations (Fig. S4a–c). The LGM simu-
lations in CCSM4 and MRI-CGCM3 show the absence of the
center of positive correlation over North America (Fig. S4d
and e). The center of positive correlation in MIROC-ESM
is weak and biased toward the Arctic (Fig. S4f). The cen-
ter of negative correlation near the Gulf Coast is absent in
MRI-CGCM3 and MIROC-ESM. Although there is a nega-
tive center in CCSM4 (Fig. S4d), it is more likely a result
of the subtropical wave train, rather than a part of the PNA.
Thus, the LGM simulations in PMIP3 models demonstrate
that the PNA is either distorted or completely broken.

We have also done empirical orthogonal function (EOF)
and rotated EOF (REOF) analysis to examine the PNA pat-
tern for both LGM and PIC simulations (figures not shown
here). It was found that the second REOF modes in both the
NCEP reanalysis and the CCSM3 PIC simulation all repre-
sent the loading pattern of the present-day PNA well. How-
ever, the second REOF in the CCSM3 LGM simulation does
not show the PNA pattern. The third and fourth REOFs in the
LGM simulation show teleconnections between the North
Pacific and the Arctic as well as between the North Pacific
and the southern part of North America.

Figure 2 illustrates PNA responses to different ice sheet
thicknesses in the sensitivity simulations. The PNA pattern
remains for ice sheet thicknesses no more than 60 % of that
in PMIP2 (Fig. 2a–d). In contrast, the PNA is distorted as ice
sheet thickness is increased to 80 %. The center of positive
correlation is shifted to the Arctic, and the center of nega-
tive correlation near the Gulf Coast disappears (Fig. 2e). As
ice sheet thickness is further increased to 100 % and 150 %
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Figure 2. One-point correlation maps of 500 hPa geopotential heights in DJF in sensitivity simulations, with different ice sheet thicknesses.
The base point is near Hawaii. (a) 0 %, (b) 20 %. (c) 40 %, (d) 60 %, (e) 80 %, (f) 100 %, (g) 150 % and (h) PIC. The correlation coefficient
of 0.35 corresponds to the 95 % confidence level for 30-year correlations.

(Fig. 2f–g), the center of positive correlation over North
America disappears. Again, the center of negative correla-
tion is more likely a part of the subtropical wave train. These
results from the sensitivity simulations suggest that the PNA
is distorted or even broken if the Laurentide ice sheet is suf-
ficiently thick.

Figure 3 summarizes the correlation coefficients around
the four base points for PMIP2, PMIP3 and our sensitivity
simulations, according to our definition in Sect. 2. In Fig. 3a,
both CCSM3 and CCSM4 show statistically significant cor-
relations at all the four base points in the PIC simulations. In
contrast, they all demonstrate insignificant correlations near
Alberta in the LGM simulations. The significant correlation
in the CCSM4 LGM simulation near the Gulf Coast is a re-
sult of the subtropical wave train (Fig. S4d), as mentioned
above. In Fig. 3b, the correlation coefficient for the area
near Alberta becomes less significant as ice sheet thickness
reaches 80 %. Correlation coefficients near the Gulf Coast
are insignificant for 80 % and 150 % ice sheet thickness. The
significant correlation near the Gulf Coast, with 100 % ice
sheet thickness, is a result of the subtropical wave train, as
shown in Fig. 2f.

Figure 3c and d show that most PMIP2 and PMIP3 models,
except for FGOALS-1.0g, are able to reproduce the center of
negative correlations over the North Pacific in their PIC sim-
ulations. FGOALS-1.0g generates insignificant correlations
near both the North Pacific and Alberta. CNRM-CM33 and
MIROC3.2 do not generate significant correlations near the
Gulf Coast. Figure 3d shows that CCSM4, MRI-CGCM3 and
MIROC-ESM are able to reproduce significant correlations
at all four base points in their PIC simulations, whereas the
other five models have insignificant correlations near either
Alberta or the Gulf Coast. Figure 3e and f show that all of

the PMIP2 and PMIP3 models, which performed well while
simulating the PNA teleconnection in PIC simulations, can-
not reproduce significant positive correlations near Alberta
or negative correlations near the Gulf Coast in the LGM sim-
ulations. These results all suggest that the PNA was distorted
or broken at the LGM.

Because the PNA pattern is characterized by a quasi-
stationary wave train from the tropical Pacific to North Amer-
ica, the above simulation results suggest that the PNA wave-
train propagation is largely altered at the LGM. This can
be confirmed by stationary wave activity fluxes at 500 hPa
(Fig. 4), which represent the propagation direction of sta-
tionary waves, calculated using Eq. (7.1) in Plumb (1985)
. At present, the wave activity fluxes have two branches
of wave propagation from the North Pacific toward North
America (Fig. 4a). The major branch propagates northeast-
ward, forming the PNA teleconnection, while the minor
branch propagates southeastward. At the LGM, however,
wave propagation is altered drastically. Wave propagation is
deflected toward the subtropics (Fig. 4b and c). This is con-
sistent with the correlation map in Fig. S2i that shows a wave
train from the North Pacific to the Gulf Coast. Therefore, the
distorted or broken PNA at the LGM is mainly due to the
deflection of wave propagation toward the southeast.

Wave propagation is oriented by the extratropical waveg-
uide, which in turn is determined by extratropical zonal flows
(Hoskins and Karoly, 1981; Jin and Hoskins, 1995). There-
fore, the deflection of stationary wave propagation at the
LGM is caused by changes in extratropical zonal flows. A
comparison of zonal winds between PIC and LGM simula-
tions shows several major differences (Fig. 5a vs. Fig. 5b).
First, the zonal jet stream was much stronger at the LGM
than at present. Second, the jet was shifted equatorward at
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Figure 3. Correlation coefficients at the four PNA action centers in PIC and LGM simulations using PMIP2 and PMIP3 models, with the
base point near Hawaii. The negative values over the North Pacific and the Gulf Coast are reversed to positive. The dashed lines correspond
to 0.35, which represents the 95 % confidence level. (a) CCSM3 and CCSM4, (b) sensitivity simulations, (c) PIC simulations using PMIP2
models, (d) PIC simulations in PMIP3 models, (e) LGM and PIC simulations using well-performing PMIP2 models, and (f) LGM and PIC
simulations using well-performing PMIP3 models.

Figure 4. Stationary wave activity fluxes in PMIP2 CCSM3 simulations at 500 hPa. (a) PIC, (b) LGM and (c) LGM–PIC. Length scales of
wave activity vectors are marked in plots. Wave activity vectors are plotted if their length scales are greater than 12 m2 s−2 in plots (a) and
(b) and greater than 6.5 m2 s−2 in plot (c). Here, stationary wave activity fluxes are calculated with monthly-mean data.
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Figure 5. Maps of 500 hPa zonal winds in DJF in PMIP2 CCSM3 simulations. (a) PIC, (b) LGM and (c) LGM–PIC. Color interval: 5 m s−1.

Figure 6. Vertical cross sections of DJF zonal winds and meridional temperature gradients along the 100◦ W longitude in the NCEP/NCAR
reanalysis and PMIP2 CCSM3 simulations. (a, b, c) Zonal winds and (d, e, f) temperature gradients. (a, d) NCEP/NCAR, (b, e) PIC and (c,
f) LGM. The zonal-wind unit is meters per second and the temperature gradient unit is kelvin per 1000 km.

the LGM, and the jet turned southeastward as it approached
the North American continent, in contrast to the northeast-
ern orientation at present. Third, as was the case in early
studies (Cohmap, 1988; Kutzbach and Wright, 1985; and
Rind, 1987), the jet splits over North America, with the much
stronger branch located in the subtropics, leaving the much
weaker branch over northern Canada. These features can be
seen more clearly in differences between zonal winds in the
LGM and PIC simulations (Fig. 5c).

Differences in zonal winds over North America can also
be illustrated by the vertical cross sections along 100◦ W
(Fig. 6). The single subtropical westerly jet in the PIC sim-
ulation (Fig. 6b) is split into two jets at the LGM (Fig. 6c)
as follows: (1) a subtropical jet at 30◦ N and 200 hPa; (2) a
subpolar jet at 63◦ N and between 400 and 300 hPa. The sub-

tropical jet intensifies to a maximum wind speed of 40 m s−1,
is located at a lower latitude, and it is much stronger than that
in the PIC simulation (∼ 30 m s−1). The subpolar jet is much
weaker, with a maximum speed of about 12 m s−1. The dif-
ferences in zonal winds are associated with the difference in
thermal structures between the LGM and PIC simulations. A
comparison of Fig. 6f with Fig. 6e shows that latitudinal tem-
perature gradients in the subtropics are sharper at the LGM
than at present. Thus, the stronger subtropical jet is associ-
ated with the sharper temperature gradient.

The jet split and the equatorward shift in the major jet
branch are caused by the orographic forcing of the large,
thick Laurentide ice sheet. Figure S5 shows how the west-
erly jet responds to the ice sheet thickness in the sensitivity
simulations. In the case with 0 % ice sheet thickness, there
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Figure 7. Distributions of zonal winds and stationary wave numbers for different ice sheet thicknesses in sensitivity simulations in DJF.
(a–c): Zonal winds; (d–f): stationary wave numbers. (a, d) 60 %, (b, e) 80 % and (c, f) 100 %. The zonal-wind unit is meters per second and
the stationary wave number unit is per meter. The light-blue areas in (d-f) have imaginary wave numbers.

Figure 8. Climatological mean 500 hPa geopotential heights in DJF in NCEP/NCAR reanalysis and PMIP2 CCSM3 simulations.
(a) NCEP/NCAR, (b) PIC and (c) LGM. The height unit is meters.

is only a single jet in the subtropics (Fig. S5a), almost the
same as that in the PIC simulation. As ice sheet thickness
is increased, the jet is strengthened, as it is associated with
the sharper meridional temperature gradient (Fig. S6), and
the core of the jet becomes narrower. Significant jet splitting
occurs as the ice sheet thickness reaches 80 % (Fig. S5e).
This is the reason why the distortion of the PNA occurs as
ice sheet thickness reaches 80 %. As the ice sheet thickness
is increased to 100 % and 150 %, the jet split becomes more

significant, and easterly winds begin to develop over the ice
sheet.

Note that the orographic forcing is further reinforced by
the thermal forcing of the large ice sheet (Liakka, 2012). The
high albedo of the ice sheet causes cold air to rise aloft, re-
sulting in sharper latitudinal temperature gradients in the sub-
tropics at the LGM. Thus, this enhanced temperature gradi-
ent causes a stronger subtropical jet through the thermal wind
relation. Our sensitivity simulations also show that subtropi-
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Figure 9. DJF SAT regressions on the Nino3.4 index in the NCEP/NCAR reanalysis and PMIP2 CCSM3 simulations. (a) NCEP/NCAR
reanalysis, (b) PIC and (c) LGM. The regression value of 0.21 corresponds to the 95 % confidence level for 30-year regressions.

Figure 10. Precipitation regressions on the Nino3.4 index in the
CCSM4 PMIP3 simulations. (a) PIC and (b) LGM. Dotted areas
indicate significant regressions for the 95 % confidence level for 30-
year regressions.

cal temperature gradients become sharper with increasing ice
sheet thicknesses.

The two branches of the westerly jet split, acting as waveg-
uides, orient wave propagation as shown in Fig. 4. The ma-
jor path of wave propagation is associated with the major
jet branch. Both Fig. S2c and i show that a southern wave
train is established along the southern jet branch from the
North Pacific sweeping across to the southern US. This wave
train would lead to more storms and precipitation in the
southwestern US, consistent with proxy records and previ-
ous modeling studies (Cohmap, 1988). The minor path of
wave propagation toward the Arctic occurs along the north-
ern branch (Fig. 1c) but has a much reduced strength. In sum-
mary, a southern waveguide is established along the subtrop-
ical jet, while the northern waveguide is either distorted to-
ward the Arctic or completely broken.

Our sensitivity simulations demonstrate dramatic changes
in the PNA wave train between simulations with 80 % and
100 % ice sheet thickness (Fig. 2e vs. Fig. 2f). These dra-
matic changes are associated with the occurrence of easterly

winds over the Laurentide ice sheet (Fig. 7a–c). For the case
of 80 % ice sheet thickness, westerly winds remain between
the two jet streams (Fig. 7b). In contrast, easterly winds ap-
pear over the ice sheet as the ice sheet thickness is increased
to 100 % (Fig. 7c). The zero wind line between easterly and
westerly winds acts as the critical layer in the reflection of
stationary waves (Held, 1983). This can be addressed with
calculations of critical stationary wave numbers (Fig. 7d–f)
(Eq. 6.29 in Held, 1983). The orange and red shading in-
dicates areas where stationary waves can propagate, while
the light-blue shading indicates areas with imaginary wave
numbers in which the propagation of stationary waves is pro-
hibited. These light-blue areas are associated with the east-
erly winds. When the ice sheet thickness is 60 % (Fig. 7d),
the North Pacific and North America are dominated by pos-
itive wave numbers, and the PNA remains. For 80 % ice
sheet thickness, imaginary wave numbers occur in the north-
east Pacific and North America (Fig. 7e), and it forces the
distorted PNA wave train toward the Arctic. For 100 % ice
sheet thickness, the subpolar region is dominated by imagi-
nary wave numbers (Fig. 7f). It causes stationary waves to be
reflected southeastward, leading to the establishment of the
southern wave train and breaking up of the northern wave
train.

The occurrence of easterly winds can be further illustrated
with the geopotential heights at 500 hPa (Fig. 8). In both
the NCEP/NCAR reanalysis and PIC simulation, there is
only a weak ridge along the west coast of North America
(Fig. 8a and b). In contrast, this ridge is largely enhanced at
the LGM and shows tilting toward the northwest (Fig. 8c). It
is this strong ridge that leads to altered zonal flows. The ma-
jor branch moves equatorward, and the minor branch flows
around the ridge northward, resulting in the formation of
easterly winds over the ice sheet and the North Pacific. It can
also be seen in the sensitivity simulations that the west-coast
ridge increases with increasing ice sheet thickness (Fig. S7).

The distorted or broken PNA teleconnection at the LGM
suggests a disconnection between climate variability in the
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tropical Pacific and the North American continent, such that
ENSO would have little direct influence on North American
climates. Figure 9 shows regression maps of surface air tem-
peratures (SATs) on the Nino3.4 index in DJF. At present, the
remote impact of ENSO on North American SATs through
the PNA teleconnection can be identified clearly (Fig. 9a
and b); it is characterized by an anomalously warm climate
over northwestern North America and an anomalously cold
climate over the southeastern United States. However, there
are no significant regressions of SATs over North America
at the LGM (Fig. 9c), except for the positive values near the
east coast.

At present, ENSO also has an important influence on
North American precipitation. Similar features can also be
seen from regression maps of precipitation (Fig. 10). Fig-
ure 10a shows a precipitation regression on the Nino3.4 index
in the PIC simulation. The wave-train pattern of precipitation
is clearly shown in the plot. However, this wave train of pre-
cipitation is absent in the LGM simulations (Fig. 10b).

4 Conclusions and discussion

We have shown using climate simulations that the large, thick
Laurentide ice sheet forced jet splitting and the formation of
easterly winds over North America at the LGM. It, conse-
quently, caused altered waveguides and a distorted or broken
PNA. It appears that the PNA was separated into two tele-
connections at the LGM. One is from the North Pacific to
the Arctic, and the other one is from the North Pacific to the
southern part of North America.

This result suggests that ENSO would have little direct in-
fluence on North American climates at the LGM. Our study
provides a dynamic framework for understanding the PNA
teleconnection not only at the LGM but also in other glacial
periods. This understanding may help us to interpret proxy
records of the past. For example, a previous study on varve
records in New England linked the change in intensity of the
interannual variability in the northeastern US during the early
glacial period to the change in ENSO intensity (Rittenour et
al., 2000). Our study suggests that this interannual variability
is unlikely to be caused by climate variability in the tropical
Pacific because of the distorted or broken PNA teleconnec-
tion; instead, it mainly reflects changes in local climate vari-
ability (Liu et al., 2014). Much further work is needed to de-
velop proxy records with high temporal resolutions that can
be used to identify the PNA change in paleoclimate records.

Previous work has shown weaker ENSO variability at the
LGM (Merkel et al., 2010; Zhu et al., 2017) and that the
weaker ENSO leads to altered teleconnection patterns. How
the weaker tropical variability would impact climates over
extratropics and high latitudes, through the altered atmo-
spheric teleconnections, deserves future study.
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